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Reinforced Soil (RS) walls are good blast energy-absorbing structures due to inherent 
properties of the backfill soil materials. With the prevalence of terrorist attacks in recent 
years, there has been a greater need to look into different types of RS walls which can be 
rapidly constructed as blast mitigation barriers against blast loading damages. Previous 
research by NUS has shown the effectiveness of RS walls in shielding blast waves and 
emphasize the differences between close range medium scale blasts and far range large 
scale blasts.  
 
Three field blast trials were conducted from 2004 to 2006 in Singapore and Woomera, 
Australia with a total of 5 walls and 6 blast events. The main objectives were to study the 
different response of RS walls when subjected to close range blasts (scaled distance, Z<1) 
and far range blasts (Z >2) and to study the rapid constructability of new types of RS 
walls whose responses might be significantly different from conventional geotextile 
walls.  
 
One of the key findings of this study is that the responses of the walls showed a localized 
failure mechanism occurred in close range blasts in contrast to global behavior in far field 
blasts. One characteristic of close range blast is the formation of a crater at the bottom of 
the front face of the wall. Field results and numerical modelling (thru AUTODYN and 
PLAXIS) verified that this localized behavior occurred due to the non-uniform blast 
pressure acting on the front face of the wall. This is significantly different from large 
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scale blasts where the front face of the wall is subjected to uniform soil pressure and the 
RS wall deform as a whole. The governing effect in close range blast was the arching 
effect (where the soil is compressed by the blast wave) which becomes more pronounced 
when the RS wall is stiffer. This also leads to better blast pressure absorption in close 
range. In far range blasts, the stiffer the wall, the less the shock absorption. A design 
chart was thus derived for the wall when subjected to close range medium scale blast 
loading, using the crater volume as the key indicator. 
 
For more rapidly constructable RS walls, a Geocell and GeoBlock wall were investigated. 
Geocell walls were also found to behave differently than geotextile walls when subjected 
to both close range (ETSC2004) and far field blasts (Woomera 2004). Due to their higher 
rigidity, at close range, they absorb the blast pressure better than geotextile walls. Geocell 
walls can also be constructed much faster compared to geotextile walls (less than a day 
compared to 3 to 4 days for RS walls of similar sizes) and does not require specialized 
labor and formwork. However Geocell walls produce slightly more debris compared to 
geotextile walls due to their lower melting point and higher rigidity. 
 
A Geoblock wall was constructed and tested in Woomera 2006 with even faster 
construction time of 8 hours only. The construction process was simplified and rapid 
constructability was achieved with the Geoblock wall. Moreover no significant debris 




Two numerical programs were used to model the three field blast trials conducted, 
namely AUTODYN and PLAXIS. They serve to compliment the field blast trial results 
obtained. Sensitivity studies of the key parameters were conducted. Appropriate soil 
parameters, model space size, boundary conditions as well as mesh size were studied. 
The air pressure around the faces of the RS walls and the soil pressure within the RS 
walls were modeled and compared with the actual field data. 
 
Keywords: close range blasts, geosynthetics reinforced wall, localized behaviour, blast 
mitigation, stiffness of wall 








Geotextiles are defined as permeable geosynthetics comprised solely of textiles, which 
come in the form of manufactured sheets, which represent fabrics. This definition is based 
on ASTM D4439. They can be woven, non-woven or knitted. They are derived from 
petroleum polymeric by-products. Typical geotextiles have permeability similar to that of 
coarse sand and are used mainly for reinforcement, filtration, separation and drainage. It 
is widely used in all areas of civil engineering applications such as geotechnical, 
structural, hydraulics, environmental and transportation. Its versatility in civil engineering 
construction has become so important that it is almost impossible to practice geotechnical 
engineering without geotextiles. 
 
1.2 History of the Reinforced Soil Concept 
 
Since primeval times, man has been reinforcing soil with other materials to improve its 
ability to carry tensile forces. For example, the Chinese had already made use of bamboo, 
wood and straw as soil reinforcement in the construction of portions of Great Wall of 
China more than 2000 years ago. In the twentieth century, the use of soil reinforcement 
was “rediscovered” by Henri Vidal in 1967 when he used aluminum strips inserted into 
the soil mass to create a vertical wall. Due to the success of this vertical wall system, 
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there has been a steady growth in the use of alternative forms of soil reinforcement over 
the last 2 decades, particularly using geotextiles. The focus of this review will be on 
reinforced soil retaining walls.   
 
1.3 Geotextile-Reinforced Soil (RS) Wall 
 
The use of geotextile-reinforced soil for retaining wall structures has increased 
tremendously during the past 25 years (Yako and Christopher, 1987; Koerner, 2005). The 
use of reinforced soil with either relatively inelastic metallic reinforcement or elastic 
polymeric reinforcement often results in reduced project costs when compared to 
conventional gravity and cantilever concrete wall structures.  
 
A geotextile-reinforced soil wall basically consists of geotextile as reinforcement, backfill 
soil and facing materials. Figure 1.1 shows the cross-sectional view of a typical 
geotextile-reinforced soil wall.  
 
1.4 Usage of Geotextile-Reinforced Soil (RS) Walls in Military Applications 
 
Based on the study done by Southwest Research Institute (1980), soil and sand fill are 
good blast energy-absorbing materials. Since geotextile-reinforced soil walls uses sand or 
clayey soil as backfill material, they are capable of impeding the propagation of blast 
wave and absorbing blast energy. In addition, based on research by Lu (2001), it has been 
found that clayey soil can absorb more energy than sandy soil. The working mechanism 
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behind this characteristic of RS walls lie in their tolerance for deformation before failure 
occurs. This thus makes soil walls very suitable for military usage as complete collapse of 
the walls rarely happens, which in turns ensures the safety of personnel and equipment. 
 
Currently geotextile-reinforced soil walls are used in many military applications. The 
following are some examples: 
1) Protection/Barrier walls to defend important military buildings against bomb 
attack.  
2) Barrier walls in explosive depots to prevent accidental explosions in one 
magazine from propagating to other magazines.  
3) Barrier walls to protect a dock within a naval complex. 
4) Protective barriers for ammunition plants, which serve similar functions as 
barrier walls in explosive depots, can be built with dimensions adapted to the 
length and height of the production buildings. 
5) Long walls constructed along taxi-ways connecting the hangars and principal 
runways to protect the hangars, base installations and personnel from air 
attack. 
6) Retaining walls for supporting earth mounds covering buried, reinforced 
concrete bunkers used for manufacturing or assembling explosives.  These 
serve as protection for the surrounding areas and personnel outside from the 
effects of an accidental explosion within the bunker. 
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1.5 Advantages of Geotextile-Reinforced Soil (RS) Wall 
 
Geotextile-reinforced walls have many advantages compared to conventional concrete 
walls as stated below. 
 
1) The cost of the similar dimension geotextile-reinforced soil wall is generally 
lower compared to the other conventional concrete or masonry gravity walls.  
2) The geotextile-reinforced soil wall system is more flexible as it can accommodate 
much more differential settlement of the sub-grade at its base without 
experiencing distress. Therefore, the stability of the geotextile-reinforced soil wall 
system can be ensured even if the wall is built on unstable sub-grade soil. Thus 
these walls are very suitable for seismic region and also safe for shock wave 
loading.  
3) With geotextiles as the facing element, soil walls are not susceptible to brittle 
failure unlike concrete facing after multiple blasting. In addition, it can absorb 
fragments/shell debris from the bomb explosion before failure. Moreover, when a 
RS wall is damaged or destroyed, it does produce dangerous fragments or debris 
that can cause further harm to surrounding buildings and personnel. Most 
importantly such walls can encumber the propagation of blast waves and absorb 
energy due to their higher tolerance for deformation before collapsing.  
4) The excavation needed below the ground level for the construction of the 
geotextile-reinforced soil wall is minimum. Furthermore, the geotextile-reinforced 
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soil wall construction is relatively rapid, non labor-intensive and does not require 
specialized labor and equipment.  
5) The geotextile-reinforced soil wall can easily blends in with the environment, 
because vegetation can be grown on the topsoil placed on the pervious geotextile 
facing. However, the geotextile facing needs to be protected from vandalism and 
UV light.  
 
All these advantages show that geotextile-reinforced soil walls are extremely suitable for 
mitigating ground shock due to explosions. In the next chapter, the dynamic response of 
RS walls subjected to blast will be reviewed. However in the next section, a short review 
will be given on the field blast tests conducted by NUS researchers leading to the needs 
and objectives of this study.  
 
1.6 Background of this Research 
 
Various blasts tests have been conducted over the last few years. In 1998, the 1st field 
blast test on RS walls was conducted on an offshore island, Pulua Senang in Singapore. It 
was an Explosive Testing Structural Component (ETSC) testing project which was a 
collaboration between National University of Singapore (NUS) and Land and Estate 
Organization, Singapore [now Defence Science and Technology Agency (DSTA)]. A 
reinforced soil (RS) wall and a reinforced earth (RE) wall were constructed and subjected 
to multiple surface blasts. A RE wall is made up of precast concrete facing panels with 
ribbed metal strips as reinforcement in the soil. The response of the RS wall showed 
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many advantages over the RE wall which was completely destroyed in the blasting. The 
RS wall also did not produce any hard debris compared to the RE wall which produced a 
large amount of concrete and metal debris. The RS wall experienced substantial damage 
but was still largely intact and stable. One very important observation during ETSC98 
was the occurrence of slight indentation of the middle section of the front wall face after 
each blast. This seems to point to a localized effect from the medium charge blast onto 
the RS wall. Thus there is a need to study its effect in contrast to large charge blast 
loading. Note that a medium charge is defined as an equivalent TNT charge weight 
ranging from 100 kg to a few hundred kilograms while large charge charges are defined 
as equivalent TNT weight charge above 1000 kg (1 tonnes). In addition, the shape and 
size of the RS wall tested was very limited and only one wall was built. The details of 
ESTC98 will be review in Chapter 2, Literature Review, Section 2.4. 
 
Over the last few years, various blast trials on RS walls were conducted in 2002, 2004 
and 2006 in Woomera, Australia. These were collaborative research between NUS and 
the Military of Defence, Singapore (MINDEF). The RS walls were subjected to large 
charge weights ranging from 5 to 27 tonnes. A total of 11 RS walls of different 
configurations and positions were built and tested. Various sensor readings were taken. 
These include air pressures and accelerations on and of the wall faces, soil pressure inside 
the wall and strain experienced by the geotextile layers. Videos and pictures were taken 
before and after the blasts to study the response of these RS walls. Grid lines were also 
sprayed onto the RS wall facings to measure their deformation before and after the blasts. 
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The results and readings obtained from these blast trials will be reviewed in Chapter 2, 
Section 2.5. 
 
For the Woomera 2002 test, the RS walls built were very large measuring 6 m in width, 8 
m in length and 3 m in height. Thus their factors of safety against failure were very high. 
Figure 1.2 shows the typical RS walls built in Woomera. After the blasts, all the walls 
survived very well with minimal deformation (except RSW0 which was placed directly 
beside the blast itself). Most importantly, the blasts were observed to have globalized 
effects on all the RS walls (i.e. walls deform as a whole). This further emphasizes that 
there is a difference in the response of RS walls in medium charge and large charge blast 
loading. This difference needs to be studied in more detail as medium charge blasts are 
more crucial in protective military structures for housing personals.  
 
In May 2004, another blast test was also conducted in Woomera, Australia. Various 
different configurations and positions of RS walls were tested. Three conventional 
geotextile walls were built and subjected to equivalent TNT weight of around 6 tonnes. 
For this trial, the charges were placed much nearer compared to 2002 at scaled distances 
of 1.28 to 2.0. These walls were smaller than those built in 2002 and had lower factors of 
safety to look into the serviceability limit of the RS Walls subjected to large scale blast 
loading. The walls performed very well and deformed as a whole. This is again global 
behavior and not localized behavior.  
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Thus there is a need to study how the RS wall will response at smaller scaled distances 
(less than one) (i.e. will there be a localized effect) and how walls with lower factor of 
safety (e.g. smaller width and length) response to blast loadings. Moreover, due to the 
tests being conducted in Australia, there is also a need to study how the higher humidity 
and different soil conditions will affect the construction and effectiveness of the RS walls. 
In addition, all previous RS walls tested were conventional RS walls with geotextile as 
the main tensile soil reinforcement. There is a need to look into new geosynthetics 
materials that can be used as an alternative. Also conventional geotextile RS walls need 
specialized formwork and take a few days to complete. In light of the present political 
situation where terrorists attacks can occur at anytime, there is a need to look into 
reducing the time of construction for these RS walls.  
 
Based on all the above reasons, a series of further blast trials were conducted in Singapore 
in 2004 and in Woomera in 2004 and 2006 to study medium scale charges and local 
versus global responses of RS walls. The 1st test was conducted in Pulau Senang, 
Singapore. ETSC2004 was again a collaboration between NUS and DSTA. A total of 3 
walls (RSW1, RSW3 and RSW9) were built and subjected to 4 blasts at scaled distances 
varying from 0.22 to 0.8. The blasts consist of two batches of 110 kg equivalent TNT 
bare charge and a MK82 missile (110 kg TNT equivalent also) and a 90 kg bare charge. 
The walls built had lower factors of safety with height of 3m, width of 3 m and length of 
6m. A RS wall (RSW9) was also built using a different material called Geocell. This 
material has not been used as a RS wall in blast loading and thus it will be interesting to 
investigate its response to blasting. Comparisons were made between the convention RS 
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wall constructed using PEC100 geotextiles. Also a trench was constructed behind one of 
the walls (RSW3) to study its effects. As before in the Woomera 2002 test, various 
instrumentation readings, such as air and soil pressures, accelerations and strains, were 
taken. The results and discussions for ETSC2004 will be presented in Chapter 4. 
 
The objective of ETSC2004 was to study the various responses of different configurations 
of RS walls and to study the effect of a medium scaled distance. The charges used in this 
test are medium charges of around 100 plus kg compared to the large blasts (in the range 
of tons in TNT) in Woomera 2002. Thus the difference in mechanism of failure between 
large charge and medium charge blasts can be studied. Study of these medium explosives 
has become increasingly important in the past few years due to the alarming increase in 
terrorists acts around the world. Often these explosives such as car bombs are used to 
cause serious damage to properties and human lives. A prime example is the recent 
bombing of the Marriott Hotel in Jakarta. Thus ETSC2004 is extremely important and 
very relevant. Another objective of ETSC2004 was to study the differences in different 
materials used for the RS walls, in this case Geocell and PEC100. 
 
A Geocell wall (RS4) was built in Woomera, Australia in 2004. This wall was subjected 
to an equivalent TNT weight of 5,823kg and placed at a scaled distance of 2.0. Various 
instruments were installed and monitored during the blast. RS4 has similar dimensions to 
RSW9 in ETSC2004 (height of 3m, width of 3 m and length of 6m). Results from this 
blast trial were compared to that obtained from ESTC2004. This will provide a detailed 
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response of Geocell walls when subjected to different types of blast loading, namely large 
scale and medium scale. This will be discussed in Chapter 5.  
 
Based on the results of the geocell walls built in ETSC2004 and Woomera 2004, it was 
obvious that construction for these walls were faster and easier compared to geotextile 
walls. However in this time of sudden terrorists’ attacks (e.g. The recent Ritz-Carlton 
Hotel explosions in Jakarta, Indonesia in July 2009), there was a need to speed up the 
construction process even further. It is also noticed that more debris was found for 
Geocell walls compared to conventional RS walls. Moreover, due to the low melting 
point of Geocell, its properties changes drastically after the blast, resulting in it becoming 
more brittle. Therefore, a new RS wall that can be rapidly constructed and produce 
minimal debris during blast needs to be investigated. Thus in May 2006, a 3rd Australian 
Blast Trial was conducted in Woomera. The objective of this trial was to build a RS wall 
within 8 hours with minimal specialized labor and formwork. A new method of 
construction was derived and tested out. The wall was subjected to a charge of 5 tonnes 
equivalent TNT. The detailed methodology and analysis of results are presented in 
Chapters 6. Comparisons were also made with the previous blast trials. 
 
Numerical simulation was also done to supplement and verify the trial results. Numerous 
scenarios were modeled and the results compared to the relevant blast trial. These results 
are presented in Chapter 7. Some design charts for RS walls subjected to large charge and 
medium charge blast loadings at various scaled distances. Z, were obtained all these trial 
results and the numerical analysis. These charts are presented in Chapter 8.  
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1.7 Objectives & Scope 
 
In view of the background discussed in Section 1.6, the main objective of this research is 
to study the differences in response of RS walls in medium and large scale blasts 
(localized versus global effects) and achieve rapid construction of RS walls in times of 
need. The following specific objectives were developed for this study: 
 
1) Comparing the blast effects on RS walls subjected to close range medium scale 
blasts versus far range large scale blasts 
2) Evaluate the local failure mechanisms (close range medium scale blast) versus the 
global failure mechanism (far range large scale blasts) 
3) Improvement on constructability of RS walls in terms of speed and simplicity 
4) Developing of design charts for the RS walls subjected to close range medium 
scale blasts 
 
Thus the following items will be discussed in this PhD thesis:  
1) Literature review on the mechanism of explosive loadings on structures, the 
behavior of RS walls based on previous tests conducted. This will be summarized 
in Chapter 2. 
2) Discussion of the general methodology in constructing the RS walls and 
installation of the instrumentations, specifically the details on construction of the 
walls for ETSC2004 will be covered in Chapter 3. 
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3) Analysis of the results obtained from ETSC2004, which highlights the difference 
in response of RS walls between a close ranged medium scale blast and a far 
range large scale blast, will be discussed in Chapter 4. 
4) Methodology and analysis of results for geocell wall in Australian Blast Trial 
2004, which serves to further understand the behavior of Geocell walls under blast 
loading, will be presented in Chapter 5. 
5) Study on the rapid constructability of a new type of RS wall, which was subjected 
to blast in Australian Blast Trial 2006. This is show in Chapter 6. 
6) Numerical modeling of the blast trials conducted and comparison of its results, 
which will be discussed in Chapter 7. 
7) Development of design charts based on the results of all the blasts tests conducted 
and the potential applications of RS walls as protective structures (Chapter 8). 
8) Conclusions are drawn in Chapter 9. 
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In this chapter, a brief overview on the formation and propagation concepts of blast 
waves and their effects on reinforced soil wall structures will be given. The first section 
will discuss the types of pressure waves acting on a RS wall when an explosion occurs. 
The blast/shock wave phenomena will be elaborated, followed by the reviewing of the 
effects of blast pressure on the front face and back face of RS structures. Finally, reviews 
of past research work will be presented. It should be noted that presently very limited 
numbers of field tests have been done. The two field tests that will be reviewed here 
include the ETSC98 Singapore test reported by Ng (2000) and the 2002 and 2004 
Woomera (Australia) Field Tests reported by He (2009) 
 
2.2 Blast Loading on RS Wall Structures 
 
2.2.1 General Overview of Explosives/Blasts  
 
Explosions or blasts can be classified into three types, namely physical, chemical or 
nuclear events. Chemical materials are widely used in explosions due to their inertness, 
high reaction rate and stability under normal conditions. 
 
Chapter 2: Literature Review 
15 
When a chemical explosion occurs, rapid oxidation of the fuel materials such as carbon 
and hydrogen atoms happens. Large amounts of energy will be produced in the form of 
thermal radiation and high local pressures. Generally when a condensed high explosive is 
detonated, hot gases at pressures ranging from 10 to 30 MPa and temperatures of about 
3000 to 4000˚C will be generated. 
 
Many factors affect how effective an explosive is, including detonating rate or velocity, 
density and heat production and other characteristics. Generally TNT is used as the 
standard or reference explosive for equating the effects of various explosives. TNT is 
defined as trinitrotoluene and it generates about 4600 Joules/g of blast energy and 
790cm3/g of gases.  
 
The free-air equivalent weight of a particular explosive is defined as the weight of the 
standard explosive TNT required to produce a selected shock wave parameter of 
magnitude similar to that produced by a unit weight of the explosion in question. 
However at different pressure levels, the equivalent weight of an explosion based on blast 
pressure or impulse varies. Therefore, an average value for the equivalency is normally 
used. 
 
2.2.2 Blast/Shock Wave Phenomena 
 
In order to understand the response of a reinforced soil (RS) wall subjected to an 
explosion, it is imperative to first discuss the dynamics of an explosion. When an 
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explosion occurs, a shock wave is produced. This consists of a high-pressure shock front 
that expands outward from the center of the detonation, with the pressure intensity 
decreasing with distance (Kinnery, 1985).  As the wave front impacts onto the RS wall 
structure, part of the structure or the whole structure will be engulfed by the shock 
pressures (Mays & Smith, 1995). The magnitude and distribution of the blast loads on the 
structure are a function of many factors including: 
a) Type of explosive material 
b) Weight of explosive 
c) Location of the explosion relative to the RS structure 
d) Interaction of the shock front with the ground or the protective structure itself 
e) Shape and size of RS structure itself 
 
The violent release of energy from an explosion in a gaseous medium results in a sudden 
pressure increase in that medium.  This pressure disturbance, termed the blast wave, is 
characterized by an almost instantaneous rise from the ambient pressure to a peak 
incident pressure.  Incident pressure is the pressure on a surface parallel to the direction of 
the blast wave.  This pressure increase or shock front travels outward in a circular half 
dome pattern from the burst point with a decreasing velocity that is always in excess of 
the sonic velocity of the medium.  Gas molecules, making up the shock front, move at 
lower velocities.  This latter particle velocity is associated with a dynamic pressure i.e. 
the pressure is formed by the winds produced by the shock fronts (TM5-855-1).  As the 
shock front expands into increasingly larger volumes of the medium, the peak incident 
pressure at the front decreases and the duration of the peak pressure increases. 
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2.3 Dynamic Loading on RS Wall Structures 
 
The force imparted by any type of dynamic and incident pressure pulses onto the soil 
structure, can be generally divided into 3 main components: 
 
1. the force resulting from the incident pressure; 
2. the force resulting from the dynamic pressure; and 
3. the reflected pressure resulting from the shock impinging upon an interfering 
surface 
 
The relative significance of each of these components is dependent upon the geometrical 
configuration and size of the structure, and the orientation of the structure to the shock 
wave. This interaction of the incident blast wave with an object is a complicated process 
and will be further elaborated in the next few sections.  
 
2.3.1 Pressure Exerted at Front Face of Wall Structures 
As stated earlier, when an explosion occurs, a shock wave is produced which comprises 
of a high pressure shock front traveling outwards from the centre of detonation with the 
pressure intensity of the shock front decreasing with distance. When these shock waves 
hit the front surface of a soil structure or an object denser than the medium transmitting 
the wave, the incident overpressure, p on the front surface is instantaneously increased 
from zero to the magnitude of the reflected overpressure, Pr. This reflected overpressure 
is a function of the incident wave pressure, p and the angle between the rigid surface and 
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the plane of the shock front. pr supersedes the peak overpressure of the incident shock 
wave, ps and is defined by the following equation derived from principles of energy and 
momentum (Rankine and Hugoniot, 1977): 
 









         (2.1) 
where po = Atmospheric pressure  
           ps = Peak static incident overpressure 
 
Upon inspection of this equation, the following results are obtained 
 pr = 2 ps when ps << po 
 pr = 8 ps when ps >> po 
 
The peak incident pressure, ps is in turn given by the following equations based on 
Brode’s analysis: 
17.6 3 += Zps  bar    (ps > 10 bar) 
019.085.5455.1975.0 32 −++= ZZZps  bar  (0.1 < ps < 10 bar)   (2.2) 
where Z = Scaled Distance (will be defined later) 
 
The peak incident pressure, ps can also be calculated using the peak dynamic pressure, qs 







+=          (2.3) 
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where po is the ambient air pressure prior to the arrival of the blast. 
 
As explained in Section 2.2.2, dynamic pressure is caused by the particle or wind velocity 
associated with the blast wave. In a free field, the dynamic pressure, qs is basically a 
function of air density and particle velocity as defined by the equation below: 
2
2uqs
ρ=            (2.4) 
where ρ is the density of the gas particles 
 u is the gas particle velocity 
 
Propagation of waves takes place from the high-pressure region to the low-pressure 
region and this explains the phenomena that the high reflected pressure seeks relief 
towards the lower-pressure regions. The variations of the reflected overpressure Pr, and 
incident static overpressure Ps with time is presented in Figure 2.1. In the reflected 
pressure region, these waves travel at the speed of sound. The reflected pressures are then 




When a blast wave interacts with a wall structure, the diffraction of the blast wave around 
the wall will engulf and surround the whole structure and cause a normal squashing force 
on all exposed surfaces. Figure 2.2 shows how the blast wave impinges onto the wall. As 
can be seen the wall experiences a push to the right when the left side is loaded. This 
‘push’ will reduced slightly when diffraction is completed. The drag loading component 
causes a push on the left side of the structure followed by a suction force on the right and 
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side as the blast wave dynamic pressure passes over and around the target. This is also 
shown clearly in Figure 2.3. Figure 2.4 displays the pressure variation at the front face of 
the wall over time. The peak pressure experienced by the front face is the peak reflected 
overpressure, pr as defined in Equation 2.1. After time, t’, the pressure at the front face is 
the stagnation pressure, pstag as defined by: 
 
)()( tqtppstag +=          (2.5) 
where q(t) = Blast wave pressure at time t. 
 
t’ is given below: 
t’ = 
u
s3              (2.6) 
s = 
2
B     ≤   H          (2.7) 
where B = Width of the front wall  
           H = Full height of the front wall  




One of the most important concept and factor for blast phenomenon is the cube-root 
scaling law i.e. scaled distance. This has been proven by experiments (U.S. Army, 1987). 
This scaling law states that if d is the distance from a reference explosion of weight, W,  
then parameters such as incident overpressure, dynamic pressure and particle velocity for 











R = . 
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This scaling is valid for: 
1) Identical ambient conditions. 
2) Identical charge shapes. 
3) Identical charge-to-surface geometries. 
 
Note that reasonable values can still be produced using the scaling law even when only 





RZ =           (2.8) 
where R = Distance from Charge Center (m) 
           W = Charge Mass in Equivalent TNT (kg) 
Note that this scaled distance, Z is not a dimensionless term. Hence the units of R and W 
have to be connected to m and kg for the same Z to be compared. 
 
2.3.2 Pressure Exerted at Back Part of Wall Structures 
 
When a shock wave reaches the rear edge of the structure, it will start to spill down 
towards the base of the back wall. Immediately after the shock wave passed beyond the 
back portion of the wall, that portion will begin to experience increased pressure. Figure 
2.2 previously shows the side elevation of the interaction of the shock wave (in sequence 
order) with the wall in a complicated process of diffraction whilst Figure 2.3 shows the 
plan view.  
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Uhlenbeck (1950) has proved that the peak value of the average overpressure on the back 
wall is given by the following equation:   
   (Pback) max = (0.5Psb)[1+(1-β) e-β]    (2.9) 
 
      β = 
7.14
5.0 sfP       (2.10) 
 
Where Psb = Measured incident blast wave overpressure at the back wall  
            Psf = Measured incident blast wave overpressure at the front wall. 
 
 
2.3.3 Net Horizontal Pressure on Wall Structures 
 
By allowing the overpressure exerted on the wall and those directed toward the interior of 
the wall to be positive, the net horizontal pressure is given by the equation: 
 
Pnet = Psf – Psb          (2.11) 
 
Taken into consideration the phase displacement of the arrival of the peak overpressure, 
the computation of this net horizontal pressure can be best performed graphically. Figure 
2.5 illustrates the variation of the net horizontal overpressure with time. Christopherson 
(1946) has conducted experiments to assess the wall loading due to blast wave. He has 
computed the total pressure on the back wall using the numerical application of 
diffraction theory and found that the maximum pressure in the diffracted wave was about 
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0.6 times the incident pressure. By integrating over the front and back surfaces of the 
wall, the mean pressure time curve of the blast loading overturning the wall can be found.   
 
2.4 Review of Case Study 1: ETSC98 Field Test and Numerical Analysis 




ETSC98 was a collaboration research project between NUS and Land and Estate 
Organization (subsequently changed to DSTA), Singapore. The main objective of the 
project was to study the response of a geotexile RS wall (geotextile facing and 
reinforcement) and a RE wall (precast concrete facing panels and metal strips as 
reinforcement) when subjected to multiple blasts of various magnitudes in a full-scale 
field test. While the original study was to compare the responses of RS walls and RE 
walls, the effectiveness of geotextiles in reinforcing soil mass to reduce the blast pressure 
was the main interest of this review here. 
 
The RS wall built and the instrumentation installed are shown in Figures 2.6 and 2.7. A 
composite geotexile (PEC200) comprising high strength woven polyester (PET) yarns on 
a mechanically bonded polypropylene (PP) non-woven base was used as the facing and 
reinforcement for the RS wall. The positions of the wall and detonations are shown in 
Figure 2.8. 
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2.4.2 Results and Discussions for Blast 
 
Only the main representative blast on the RS wall will be discussed. This is Blast Number 
MD5-E1 placed at a distance of 15m. It is a charge of 300kg equivalent TNT. Figure 2.9 
shows the RS wall facing after the blast. As can be seen, a significant amount of the PP 
base has been burnt off due to the extreme temperatures. The distributions of these burnt 
areas were random and irregular. The PET yarns were still intact. Small pieces of blast 
fragments were found to be embedded in the facing of the RS wall and minimal amount 
of soil had fallen out. There was also a slight indentation in the front face of the wall and 
this indentation was not even throughout the whole wall face. The middle section was 
more ‘pushed’ in. Despite these damages, the RS wall was intact on the whole and still 
structural stable. 
 
Figure 2.10 shows the readings for the accelerometers (NUSA) and total pressure cells 
(NUSSP1 to NUSSP3) taken during the blast. The accelerometer gave a peak value of 
around 20,000g at 20ms after the detonation. The total pressure cell, NUSSP1 registered a 
peak of 110kPa at 35ms which is a delay of 15ms compared to A1. This is because P1 is 
embedded in the soil behind the accelerometer. NUSSP2 and NUSSP3 gave peak values 
of 10kPa and 160kPa respectively. The variation of dynamic pressure from 160kPa (0.5m 
from facing) to 110kPa (2m from facing) to 10kPa (3.4m from facing) is consistent with 
the location of the pressure cells in the wall. Thus, with the use of geotextile reinforced 
soil wall, the incident blast pressure is significantly reduced and the wall will still be 
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intact and stable. This shows that soil with proper reinforcement is an excellent blast 
energy absorber and further verifies the findings of Southwest Research Institute (1980). 
 
Comparing to the RE wall which was also subjected to blast loading, the RS wall 
survived much better with minimal damage after multiple blasts while the RE wall was 
almost completely destroyed. Moreover the RE wall produces dangerous fragments of 
concrete and steel during blasting which can cause substantial damage. Comparatively RS 
wall do not produce any harmful debris. 
 
 
2.4.3 Finite Element Modeling of RS Wall During Blast Using PLAXIS 
 
Finite element modeling of the RS wall in ETSC98 subjected to blast was done using 
PLAXIS, a 2-dimensional finite element program. The blast pressure-time history for the 
front face of the wall was based on approximate method using empirical charts and 
equations (Bulson, 1997 and Baker 1983). 
 
Parametric studies were conducted for: 
1) Boundary size of base soil. 
2) Mesh density. 
3) Viscous Boundary Relaxation Coefficients. 
4) Rayleigh damping coefficients α and β. 
5) Geotextile-soil interface reduction factor, Rinter. 
6) Concrete-soil interface reduction factor, Rinter. 
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7) Cohesion, c. 
8) Internal friction angle of the reinforced soil mass, Φ. 
9) Dynamic elastic modulus, E. 
 
After these studies, the final model was chosen and the results obtained were compared to 
the actual blast test results. Some of these results are shown in Figures 2.11 and 2.12. 
Generally the blast pressures can be stimulated quite well using PLAXIS. However, The 
input blast pressure into PLAXIS was basically an assumed function fitting to give the 
best fit for the resultant soil pressure. This has to be further researched into. 
 
2.4.4 Conclusions and Comments 
 
The full scale blast testing of the RS and RE walls was considered to be successful. The 
RS wall was able to effectively reduce the incident blast pressure and still remain 
structurally intact after the blast. The digital signals recorded by the instruments in the RS 
wall gave meaningful results and dynamic data acquisition systems were employed to 
record these instrumentation readings.  
 
The results show that RS walls were more suitable to be used as blast resistant structures 
compared to RE walls. This is because the wave-structure interactions are different for 
different facing types of RS and RE walls. RS walls have flexible geotextile facing which 
can deform under blast loading and are able to absorb the blast fragments. Comparatively, 
RE walls have rigid concrete panel as facing which fractured easily upon blasting. This 
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produces dangerous and damaging concrete fragments and debris during the blast. 
Moreover the RS wall survived much better after the blast while the RE wall was very 
severely damaged after the blasts. 
 
The results from finite element modeling using PLAXIS matched the blast results 
reasonably well. This shows that PLAXIS can be used to predict future dynamic 
responses of RS walls during blast loading. However some discrepancies still existed 
between the numerical analysis and field data. This could be due to experimental errors in 
the field test due to some uncertainties in the dynamic measurements and the differences 
between numerical stimulation and physical models. There was also a limit to the number 
of instruments that can be placed during the field trial due to their expensive nature. As 
such, other programs that can stimulate the blast pressures well need to be looked into in 
the future.  
 
Future research needs to be done to further study the mechanism of shock absorption and 
mitigation of blast loads by RS walls. Different configurations and sizes of RS walls 
should also be studied to find appropriate specifications to effectively protect targets from 
damage caused by blast loading. 
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2.5 Review of Case Study 2: Full-Scale Blast Trial Conducted in Woomera, 




The full-scale blast test of RS walls conducted in Woomera, South Australia in 2002 was 
part of a collaborative research project between NUS and the Ministry of Defense. The 
main objectives were to study the mechanism of blast pressures on RS walls and the 
effectiveness of dissipation of RS walls. Also the actual mechanism of the reinforcement 
during the blast event will be investigated. 
 
A total of 7 RS walls were built and subjected to 5 tons and 27 tons equivalent TNT 
blasts. The positions of these targets and the charge location are shown in Figures 2.13 
and 2.14. The dimensions for the RS walls built are shown in Table 2.1. Two types of 
geotextiles were used, namely PEC200 and TS80. PEC200 is a composite geotextile 
made up of high strength woven polyester (PET) yarns on a mechanically bonded 
polypropylene (PP) non-woven base. TS80 is a mechanically bonded PP non-woven 
geotextile. Their specifications are shown in Table 2.2. The properties of the residual soil 
used are shown in Table 2.3. The completed walls are shown in Figures 2.15 and 2.16. 
Numerous instruments were installed in the RS walls to measure the response during the 
blast. Figures 2.17 and 2.18 shows the typical instrumentations installed inside the RS 
walls. The main objective of this study is on the response of RS walls subjected to far 
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field large scale blasting. However, for RS walls that are built very near to the charge, 
there may be some localized near-field blast effects on the wall. 
 
2.5.2 Results and Discussions for Both Detonations 
 
After the blast, RS0 collapsed with about 80% destroyed by the detonation. 20% still 
survived. Not much debris can be found around the area between RS0 and RSW1 
compared to the other areas. This shows RS0 was more effective in shielding off the blast 
compared to other concrete and steel structures. RS1 to RS3 performed well in the blast 
with minimal deformation (as shown in Figure 2.19). The front face showed more 
deformation than the back face. Figure 2.20 shows a close-up of RS1. 
 
Dynamic strain measured at 15kHz for RS1 to RS3 all recorded an obvious compression 
phase followed by a tension phase during the blast event which is consistent with typical 
blasting pressure propagation (typical results shown in Figure 2.21). These results 
revealed the need for horizontal reinforcement in such systems in order to achieve 
dynamic stability as there was substantial tension. The dynamic soil pressure recorded by 
the total pressure transducers (TPT) in RS1 to RS3 show that RS walls were very 
effective in dissipating of blasting pressure. Figure 2.22 shows the TPT results for RS1 
and shows the reduction in soil pressure as the blast wave moves through the soil. 
Dissipation of soil pressure by TS80 wall (RS2) and PEC200 (RS1) was similar although 
RS2 deformed more during the blast. 
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The back pressure on the RS walls were also found to be significant and it can be deduced 
that RS walls or other similar structures can only protect targets surrounded by them and 
may not provide enough protection for targets behind them. RS4 to RS6 showed similar 
results during the 5 tonne trial with minimal overall deformation.  
 
Coarse grids were also painted onto the wall surfaces to allow for the surface 
deformations of RS walls. A typical measurement for RS1 after the blast is shown in 
Figure 2.23. It can be seen that the walls show some permanent outward deformation after 
the blast. Deformation at the top of the wall is higher than at the bottom. However, these 
results can only be used as an estimation of the surface deformation. In the future, proper 
surveying equipment should be used instead. 
 
2.5.3 Conclusions and Need for Future Work 
 
The test of RS walls in Australia in 2002 was an important investigation into the behavior 
of the RS walls during blast events. The results show that RS walls were effective in 
mitigating blast effects. All the walls performed very well and did not fail. However the 
walls were overdesigned and placed at scaled distances of greater or equal to 2. There was 
a need to further refine the design of the RS walls and derive a proper way of designing 
these RS walls for mitigation large scale blasts. To this end, another series of blasts were 
conducted in Woomera in 2004 and the results are shown in the next section 
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2.6 Review of Case Study 3: Full-Scale Blast Trial Conducted in Woomera, 
South Australia, 2004 by He, Z.W. (2009) 
 
2.6.1 Introduction 
Another full-scale blast test of RS walls was conducted in Woomera in 2004. The main 
objectives were to further refine the design of RS walls in mitigating blast pressures. Two 
separate blast events were done, each consisting of the detonation of 5ton uncased RDX 
which is equivalent to 5,823kg TNT.  RS1 and RS2 were subjected to one blast while 
RS3 was subjected to another. All walls were made up of geotextile, PEC200. Table 2.4 
shows the dimensions and location of the walls with respect to the blast. Similarly 
residual soil was used as the backfill for the walls. The completed walls are shown in 
Figure 2.24. Numerous instruments were installed in the RS walls to measure the 
response during the blast. Figures 2.25 and 2.26 shows the typical instrumentations 
installed inside the RS walls.  
 
2.6.2 Results & Discussions 
After the blast, RS1 was still structurally stable despite small deformations. The top of 
RS1 deformed by around 100mm. RS2 deformed significantly backwards by around 
440mm and settled by over 200mm based on the grid surveying (Figure 2.27). RS2 was 
considered to have failed from the viewpoint of normal practical applications for static 
loading. As expected, RS3 deformed much less than RS1 and RS2 as it was placed at 
Z=2.0. RS2 is considered to have reached it serviceability limit state but it was still 
structurally safe. 
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For air blast pressure, the values were much higher than those measured in 2002 as the 
walls were placed much nearer. Again the measured air pressure values are much lower 
than CONWEP values. CONWEP over-predicts them by 88% to 227%. It was found that 
the peak air pressure reduces rapidly with distance but peak impulse reduces slowly with 
distance. Figure 2.28 shows the air pressure measured for RS3. The back air pressure was 
again significant as with the values measured in 2002. As in 2002, the RS walls reduce 
the blast pressure considerably across the walls with a significant back pressure mainly 
induced by the air blast pressure on the back face. This back pressure also induces a high 
soil pressure in the soil pressure cells near the back of the wall. Figure 2.29 shows the soil 
pressure dissipation with distance for all three walls. 
 
2.6.3 Conclusions 
RS2 reached ultimate serviceability limit state yet stayed structurally stable; RS1 and RS3 
experienced a small deformation, which is a function of scaled distance K, and the width 
of the RS walls. The peak air blast pressure on RS1 was higher than that on RS2 though 
these two walls were located at the same distance from the detonation center. The air blast 
pressure on the rear face of the RS wall contributes significantly to the RS wall; the peak 
air blast pressure on the rear was even higher than that on the side. The measured 
acceleration of the RS walls matched well with the air blast pressure in the arrival time 
and magnitude. The small displacement integrated from the acceleration proves that the 
overall displacement of the RS wall was mainly the surface deformation due to the 
loosening of the soil by the air blast pressure. The dynamic soil pressure dissipates 
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rapidly in the RS wall. The soil pressure near the rear face mainly arises from the air blast 
pressure reaching the rear face.  
 
2.7 Numerical Modeling 
 
Due to the expensive nature of conducting field blast trials, often numerical modeling is 
done instead. The numerical modeling can also serve to provide verification of the field 
blast trial results. Moreover, numerical results can be used to complement the measured 
data due to the limited number of sensors that can be installed. This will help in the 
understanding of the responses of structures subject to blast loadings tremendously. Two 
dynamic finite element programs (PLAXIS and AUTODYN) were evaluated for the 
possible needs for this project. AUTODYN is an integrated explicit analysis program 
specially designed for non-linear dynamics problems. It is especially suitable for 
modeling blast air pressures and loading on structures. Note that AUTODYN was not 
specifically designed for geotechnical engineering and as such cannot be used to model 
the interface between soil and geosynthetics. Thus another geotechnical program was 
used to model the soil pressure. PLAXIS is a finite element program specifically designed 
for the analysis of soil stability and deformation in geotechnical engineering problems.  
 
2.7.1 AUTODYN Modeling 
For AUTODYN, various modeling effects were studied for the comparison of air pressure 
measured for the RS walls in Woomera 2002 and 2004, which includes: 
1) Effects of element size 
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2) Effects of boundary conditions 
3) 2D versus 3D modeling 
4) Un-coupled (RS walls modeled as rigid structures) and coupled (RS walls 
modeled as actual soil walls) analysis. 
In summary, it was found that both coupled and uncoupled analysis produces reasonably 
good results for air pressure and impulse. However the back pressure was lower in 
coupled analysis thus it shows that flexible RS walls reduces the blast pressure better than 
rigid walls such as concrete walls. Also a mesh size of 0.5m should be used in the 
prediction of air blast loading on structures. Both boundary conditions of flow-out and 
transmit produces similar results. Figure 2.30 shows the 3-D model used for AUTODYN.  
 
The effective zone of mitigation of RS walls was also investigated. It was found that the 
RS wall effective in reducing the blast pressure up till around 4m behind the wall. After 
which the pressure will be similar to the blast wave pressure without the RS walls. This is 
shown in Figure 2.31. It was also found that increasing the height of the RS wall up to 5m 
was highly effective in reducing the back face air blast pressure compared to a 3m wall. 
However it does not reduce the front face pressure significantly. This increases the 
effective mitigation area. Contrastingly, a change in the shape of the wall only affects the 
reduction of front face air blast pressure but doesn’t reduce the back face pressure. It was 
found that a wall with a sloping front face was more effective in reducing the front face 
pressure. Thus increasing the wall height is a good method of increasing the blast 
mitigation effectiveness of RS walls. This is shown in Figure 2.32. However the soil 
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pressure obtained inside the RS walls were much more higher than the measured values, 
thus PLAXIS will be used to stimulate the soil pressures. 
 
2.7.2 PLAXIS Modeling 
Figure 2.33 shows the PLAXIS model that was used for this study. Figure 2.34 shows 
some of the results obtained. 
1) Function of geotextile inside RS wall 
2) Effects of Young’s modulus of soil 
3) Effects of interface friction factor between soil and geotextile 
It was found that the presence of geotextile in the RS wall model does not significantly 
affect the soil pressures inside the wall. This shows that the geotextile mainly functions as 
soil containment during construction phase and provides the static equilibrium, as well as 
prevention of local instability. The Young’s modulus of soil was obviously found to 
affect the performance of the RS walls with a higher value resulting in less deformation. 
It was also found that the interface property between geotextile and soil in this research is 
not critical to the performance of RS walls during the dynamic blast event. The soil 
pressures obtained from PLAXIS was found to match the measured values closely. 
 
2.7.3 Concluding Remarks on Numerical Modeling for Blast Load and Research 
Area for this Study 
 
Based on past research, it has been established that AUTODYN can predict accurately the 
blast air pressure for far field large scale blasts where the blast pressure acting on the RS 
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wall is uniform. However, there is no information on how well AUOTDYN models blast 
air pressure in close ranged blasts (Z<1). Thus there was a need to investigate whether 
AUTODYN can be used as an adequate tool for this prediction. Different sizes of charge 
weights should also be looked into, including medium scale charges. Other factors to 
investigate include the boundary conditions, mesh sizes, model space size and so on. On 
the PLAXIS program, the current modeling considers only uniform blast loadings on each 
side of the RS wall. Again it was necessary to investigate how well PLAXIS can model 
non-uniform pressure on the walls for close range blasts. Again the interface properties 
between soil and geotextile will be investigated.  
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Table 2.1: Configuration of RS Walls (He, 2009) 
 
Target Polar Angle Range(m)
Height above 
ground 








27 tonne blast trial 
RS0 90 <10 4.1 7.8 15.6 PEC200 
RS1 104 60 3.0 6 7.8 PEC200 
RS2 116 60 3.0 6 7.8 TS80 
RS3 110 90 3.0 6 7.8 PEC200 
5 tonne blast trial 
RS4 30 34 3.0 6 7.8 PEC200 
RS5 60 34 3.0 6 7.8 TS80 
RS6 45 51 3.0 6 7.8 PEC200 
* All RS walls were embedded 0.5m into the ground 
 
 
Table 2.2: Properties of Residual Soil Sample from Woomera Test Site (He, 2009) 
 
Properties Unit Value 
Specific Gravity  2.65 
Natural water content % 7.7 
Optimum Water Content % 23.5 
Water content at 
construction % 20 
Unit weight kN/m3 18 
Friction angle Degree 35 
Cohesion kN/m2 20 
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Table 2.3: Technical Data of Geotextile (Provided by Polyfelt) – (He, 2009) 
 
Properties Unit PEC200 TS80 

















kN/m 200 /10 28/28 
Elongation at 
break (MD/CD) % 13/ 80/40 










Long term design 
strength (120 
years) 
kN/m 93.4  
Thickness mm 2.9 3.2 (2kPa) 1.5 (200kPa) 
Mass g/m2 540 385 
 













RS1 23 1.28 3.0 3 6 
RS2 23 1.28 3.0 2 6 
RS3 36 2.0 3.0 2 6 



























Figure 2.1: Variations of the reflected overpressure, Pr and incident static overpressure, Ps 

















































































pstag(t) = p(t) + q(t) 







































































Figure 2.9: Isometric View of RS Wall After Detonation Event, MD5-E1  
(Ng, 2000) 




Figure 2.10: Accelerometer (NUSA) and Total Pressure Cells (NUSSP1 to NUSSP3) 
Response During Detonation MD5-E1 (Ng, 2000) 
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Figure 2.11: Comparison of Soil Pressure between Field Test Results and PLAXIS 























Figure 2.12: Comparison of Soil Pressure between Field Test Results and PLAXIS 
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Figure 2.13: Plan Views of RS Walls and 27t Ground Zero (He, 2009) 
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Figure 2.15: View of RS1~RS3 (He, 2009) 
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Figure 2.19: RS1~RS3 After 27 Tonne Blasting Test (He, 2009) 
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Figure 2.22: Dynamic Soil Pressure inside RS1 during 27 Tonne Blast Event  
(He, 2009) 
 




















Figure 2.23: Surface Deformation of RS1 (He, 2009) 
 
 
Figure 2.24: Completed RS1, RS2, RS3 in Woomera 2004 (He, 2009) 
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Figure 2.25: Instrumentation for RS1 in Woomera 2004 (He, 2009) 
 
Figure 2.26: Instrumentation for RS2 & RS3 in Woomera 2004 (He, 2009) 
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Figure 2.27: RS2 after Blast (He, 2009) 
 
Figure 2.28: Air Pressure Measured for RS3 during Blast (He, 2009) 
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Figure 2.29: Soil Pressure Variation across Walls for Woomera 2004 (He, 2009) 
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Figure 2.30: 3-D Model in AUTODYN (He, 2009) 
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Figure 2.31: Effective Mitigation Region for RS Walls (He, 2009) 
 
Figure 2.32: Simulated Impulse of RS2 with Different Configurations (He, 2009)
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Figure 2.33: RS Wall Model in PLAXIS (He, 2009) 
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Chapter 3 
General Methodology for Field Blast Trials 





This chapter presents the general construction methodology related to all the field blast 
trials that were conducted on site at Pulau Senang, an offshore island of Singapore and 
Woomera, Australia. Emphasis will be placed on ETSC2004 which was conducted on 
Pulau Senang 2004. The specifications for ETSC2004 will serve as the specific details of 
the construction and instrumentation methodology for various types of RS walls. The 
general methodology is similar for both blast trials. However there are some differences 
such as the materials used (e.g. backfill soil) and charge weights and distances. The 
detailed differences in specifications for Woomera 2004 will be elaborated in Chapter 5.  
 
3.2 General Configuration and Details of RS Walls (with Emphasis on ETSC2004) 
The RS walls built in Woomera 2004 and ETSC2004 mainly consist of two types of 
geosynthetic walls. They are namely conventional geotextile walls and geocell walls. To 
further explain the design, construction and instrumentation plans of these walls, the 
details of ETSC2004 are elaborated in this Chapter.  
 
Figure 3.1 shows the position of Pulau Senang with respect to the Singapore mainland. In 
2004, three Reinforced Soil (RS) walls were built during the period of January to May 
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2004. This chapter will be focusing mainly on the construction of these 3 RS walls on site 
and the instrumentation that has been installed.  
 
The 3 walls built are namely RSW1, RSW3 and RSW9. Table 3.1 shows the general 
dimensions and characteristics of each wall. Note that RSW1 was built with 0.5 m 
embedded below ground level in order to provide some degree of anchorage for the wall 
to the ground. For RSW3, the wall was built till 1.75 m below ground but with a 1.75 m 
deep and 1 m width trench dug directly behind the wall. This is done so as to investigate 
the usage of RS walls for ground shock mitigation and the effectiveness of RS walls as a 
blast protection barrier. The integrity of the trench was checked after the blast test. If the 
trench was left intact after the blast, RS walls can be used as a probable barrier to protect 
equipment or people from the blasts. In addition, RSW1 and 3 will be compared to see 
the effects of differences in embedment depth and presence of a trench. For RSW9, the 
wall was embedded 0.1 m below ground.  
 
The above dimensions for the RS walls was chosen because 3m is the typical practical 
height of a feasible protective structure built in front of areas such as commercial 
buildings and ammunition storage areas. The length of the walls was set at two times the 
height so as to ensure that the blast wave does not dissipate thru the sides of the walls and 
will be fully stopped by the RS walls. It is postulated that for close ranged blasts where 
the blasts can be contained by the RS walls. This is different from the large scale blast 
trials conducted previously in Woomera 2002 to 2006 where the blast wave is expected to 
be dissipated over the top of the RS wall. This was the case as evidence by the significant 
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back pressure measured in those blasts (He, 2009). The dimensions of the walls were also 
chosen to be similar to the RS walls tested in Woomera to provide easy comparison of 
results. 
 
The main difference between the 3 walls in ETSC2004 was the materials used to 
construct these walls (i.e. the reinforcement component and facing element). RSW1 and 
RSW3 were both reinforced by and using facing elements of PEC100 geotextile while 
RSW9 was reinforced using Geocell (Polyfelt Environmental Cell EC300A), a form of 3-
dimensional geosynthetic material (hard black plastic sheet). This new geosynthetics 
material was designed in this trial aiming to investigate its potential as a blast mitigation 
RS wall. A similar geocell wall (RS4) was built concurrently in Woomera, Australia and 
subjected to large scale far range blast. This was to facilitate a better understanding of 
this new type of geosynthetic wall. The results are discussed in Chapter 5 later. The 
design of RS4 was similar to RSW9 which will be discussed fully here. The details of the 
4 blasts that the walls were subjected to are given in the next Chapter in Section 4.3. 
 
3.2.1 Materials Used  
 
As stated before, PEC100 geotextile and EC300A geocell were used for the RS walls. 
PEC100 is a composite high strength geotextile, which consists of a continuous filament 
needle-punched non-woven polypropylene (PP) base with high strength and tenacity 
polyester (PET) yarns woven on top of it. When it is used to wrap round soil, it provides 
a confining strength to the soil. Geocell consists of expandable, polyethylene, 
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honeycomb-like cellular structures interlinked together. It is black in colour and comes in 
sheets measuring 2.82 m by 6.4 m when fully expanding. It confines soil in each separate 
cell and is highly durable. All these features and characteristics are shown more clearly in 
Table 3.2 and Figure 3.2.  
 
All 3 RS walls were built using residual soil from Pulau Senang. In-situ samples of the 
residual soil was collected at site during the construction of the walls and tested. Note 
that these samples were collected after compaction of the soil was done. It was found that 
the soil has a unit weight (γ) of 20 kN /m3 and an internal friction angle (Φ’) of 36˚ and c’ 
of 10-12 kPa with the specific compaction effort imposed during the construction at site. 
Soil samples were also taken to measure the moisture content and to conduct the sieve 
analysis. The moisture content of the soil varies from 12.7% (dry days) to 20.3% (after 
raining). Thus the average moisture content was around 16.5%. The wet sieve analysis 
was also done and the results are shown in Figure 3.3. The residual soil is consists of 
about 40% sand with around 40% of silt and remaining 20% of clay. The soil is classified 
as clayey sandy silt. The specific gravity of the soil was also determined using the small 
pyknometer method (BS1377: Part 2 Clause 8.3 – 1990) and was found to be 2.65. 
 
Note that during the construction of all the RS walls, standard mode of compaction was 
done for each layer using roller compactor. Upon the compaction, the soil was checked 
using a soil assessment cone penetrometer shown in Figure 3.3(a). The penetrometer 
measures the CBR value (California Bearing Ratio). For all compaction, it was ensured 
that CBR values of around 3% to 4% were achieved. This corresponds to an equivalent 
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Cu of around 90kPa. These CBR values correspond to a degree of compaction of around 
90% based on the standards established by ASSHTO (American Association of State 
Highway and Transportation Officials). These values are summarized in Table 3.2(a).  
 
The high tensile strength of PEC100 (geotextile) serves to compliment to weak tensile 
strength of soil. The high compressive strength of soil complements the high tensile 
strength of geotextile. Similarly, Geocell confines the soil thereby increasing the tensile 
strength of soil significantly. 
 
3.2.2 Static Design for RS Walls 
 
RS walls are subjected to two loadings in a blast trial. This includes the static loading 
from the self weight plus surcharge and the dynamic blast loading. The static failure 
mechanisms of RS structures can be mainly categorized into internal and external 
stability failures. External stability failures include sliding and overturning of the whole 
RS structure. It also can be foundation bearing capacity failure. This can be analyzed 
based on conventional gravity structures. Internal Stability failures include sliding and 
rupture of the reinforcements (i.e. geotextiles) layers. It can also be due to connection 
failures. These failure modes will be analyzed using conventional limit equilibrium 
methods. 
 
The dimensions for the RS walls built were based on previous experiences in ETSC98 
and Woomera 2002. As such, only the factors of safety for internal and external stability 
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were checked for the walls. The main assumption that the calculations are based on is that 
the RS wall are built on competent foundations where bearing capacity failure is not a 
problem. Note that surcharge on the top of the wall was considered not significant (a 
small amount of sand on top of RSW1 and RSW3 to anchor PEC100 for the top layer) 
and will be ignored so as to obtain a more conservative design.  
 
RSW1 (7 layers) were built using PEC100 layers of 500 mm thickness each. This is 
based on previous designs and experiences. For RSW3, the layers below ground level 
were 500 mm thick (4 layers) while those above ground level were around 600 mm thick 
(5 layers). For both cases, the main direction of the RS walls (i.e. direction of blast 
pressure) was reinforced by continuous PEC100 pieces with around 2 m wrapped back 
and anchored into the soil at both ends. The transverse direction (perpendicular to blast 
pressure direction) was wrapped with 1 short piece of geotextile. The vertical spacing 
between the geotextile layers of main and transverse direction was 250 mm. This will be 
explained in more detail in Section 3.3.1 later. 
 
For RSW9, each layer is 300 mm thick which is the thickness of 1 Geocell piece. A total 
of 10 pieces of Geocell were used. The method of construction will be elaborated in 
Section 3.3.2. 
 
A number of other assumptions were made for the static design of RS walls. They are as 
follows: 
1) Ground water table is just below existing ground level 
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2) Rankine’s failure plane is assumed for the geotextile reinforcements at failure. 
3) The coefficient of active pressure, Ka is assumed to be tan2(45˚- Φ/2), which is 
equal to 0.25 for Φ = 36˚. The friction angle was obtained from drained triaxial 
test of samples collected from the site. 
4) The short pieces of geotextiles in the transverse direction for RSW1 and RSW3 
will not be considered in the reinforcement calculations as they were only used to 
contain the soil. 
5) Allowable tensile strength (Tall) was taken as the ultimate tensile strength (Tult) 
divided by the reduction factors accounting for installation damage (RFid), creep 
(RFcr), environmental effects (RFev) and materials variation (RFmv). Hence, 





TT ×××=       (3.1) 
  
 For short term design, RFid = 1.1, RFcr = 1.0, RFev = 1.1 and RFmv = 1.05. Hence, 
 allowable tensile strength for design, Tall = 78.7 kN /m for PEC100. 
6) For static design purposes, the interface friction angle δ between the soil and the 
geotextile has to be carefully determined using either large scale pullout box test 
or full scale field pullout test. Based on the extensive research done by Ho (1997), 
Loh (1998) and Seah (2003), the δ between PEC geotextiles and Singapore 
residual soil is found to be about 21˚ at water content near optimum water 
content. This friction angle has been shown to reduce to about 14˚ when water 
content increases to 30% when soil is soaked (Chew et al., 1998). 
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(a) External Stability (Sliding and Overturning) 
For the 3 RS walls, the probability of external failure mechanism is very low. Their 
width/height ratio for RSW1 and RSW9 are within the stable range and the bottoms of 
the walls are buried below ground by 0.3 m and 0.1 m respectively. For RSW3, this is a 
concern due to the presence of the trench beside it. A simple slope stability calculation 
was done using SLOPE W. The minimum factor of safety was found to be 8.77, which is 
well above the required value of 2.5. Thus RSW3 will be stable. 
 
(b) Internal Stability (Rupture and Pullout of Reinforcement) 
For the internal stability design (U.K., The Highway Agency, 1994), the factors of safety 
against pullout and rupture of the geotextiles were checked for every layer of geotextile 
for RSW1 and RSW3. 
 
The pullout resistance, Pr = 2 tan (δ) z Le and horizontal earth pressure, Tmax = Ka γ z Sv.  









=          (3.2) 
The factor of safety against rupture, FSrupture is given by 
FSrupture =   
maxT
Tall              (3.3) 
 
where Le is the effective length of embedment of the PEC100 layer in the anchorage zone 
beyond the active wedge and Sv is the vertical spacing of geotextile layers. 
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Tables 3.3 and 3.4 tabulate the calculations for RSW1 and RSW3. The lowest values for 
FSrupture and FSpullout are 6.74 and 8.76. Both are from RSW3 because its height was 
higher than RSW1. These values are still within the minimum requirement of 1.5 and 
thus RSW1 and RSW3 are stable. 
 
For RSW9, the Geocell layers were stacked on top of each other with the soil being 
confined in each cell. Since the soil from the upper layer is not totally separated from the 
bottom layer, thus the whole wall is considered as a soil block. Therefore there is no 
concern about pullout failure. The only consideration is rupturing of the seams in 
between the cells. The strength of this joint/seam, σsj is given as 116 kN /m as shown in 
Table 3.2 previously. The most critical layer (i.e. under the most surcharge) is the 1st 
layer. The horizontal pressure experienced by each layer is given by: 
σH = Ka σV = tan2 (45˚ - Φ/2) γ z       (3.4) 
where Ka = active earth pressure coefficient, σV = vertical pressure/ surcharge,  
 
For the 1st layer from the bottom (being the most critical),  










FH= σH t w 
F1 
F1 
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Therefore by force equilibrium  
 
FH= σH t w = 2F1         (3.5) 
 
where  t = height of cell (300mm), w = width of cell (260mm) 
 
Thus F1 = (14.02 x 0.3 x 0.26)/2 = 0.55 kN in 0.3 m thickness. 
Based on the technical specifications of Geocell (Table 3.2), the seam strength is 
116kN/m. Thus the joint strength in each layer (34.8 kN/0.3 m thickness) is larger than 
the force exerted at the joint. Therefore RSW9 will not fail by rupture. The design of RS4 
in Woomera 2004 will be similar to this. Note that the properties of soil and 
geosynthetics used are mainly for static loading conditions. Prior research conducted in 
NUS (Ng, 2004) shows that the dynamic and static properties of these materials are close 
to each other.  
 
3.3 Construction Work Done at Pulau Senang for ETSC2004 
 
Site construction of the RS walls started on 3rd January 2004 for ETSC2004. Figure 3.4 
shows the site area before the RS walls were constructed and the approximate positions 
of the walls. Figure 3.5 shows the actual layout of the RS walls built on site (to scale). 
The distances shown are all with reference to the Blast 1 position. The main construction 
of the 3 walls was completed on 8th February 2004.  
 
3.3.1 Construction Method for Conventional Geotextile Walls (RSW1 and RSW3) 
 
The construction method for RSW1 and 3 are similar. The steps are as follows. 
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1) A formwork is first erected using small and large wooden planks nailed 
together. The formwork is kept in place using lateral and vertical thin wood 
beams and steel scaffolding. Sufficient anchorage is provided by driving the 
wooden planks deep into the ground (Figure 3.6). 
2) The cut PEC100 are then laid inside the formwork. The main direction of the 
RS walls (i.e. the blasting pressure direction) was reinforced using 2 
continuous PEC100 pieces of 6.5 m in length and 5.2 m width (A1) and 2 m 
width (A2). For each layer, these 2 pieces will be used with some overlapping 
of PEC100 to give a combined width of 6m. For the transverse direction of the 
RS walls (perpendicular to the direction of the blasting pressure), both sides 
are each wrapped with one short piece of geotextile of 4 m length and 3 m 
width (B). These dimensions are shown in Figure 3.7. The geotextile is pulled 
taut at both ends to fully utilize the tensional strength of PEC100 and to 
ensure a straight RS wall facing will be achieved. The actual laying of the 
PEC100 on site is shown in Figures 3.8 and 3.9. Note that care must be taken 
in placing the geotextile so that the yarns are vertical at all four wall facings. 
3) 250 mm of soil is then dumped on top of the geotextile and compacted using a 
one ton compactor as shown in Figure 3.10. Trenches are then dug and the 
PEC100 is wrapped around and anchored into the soil (Figure 3.11). This is 
done for both the main and transverse direction of the RS walls and ensures 
sufficient anchorage between the soil and the PEC100. This in turns helps in 
making the PEC100 taut and thereby utilizing its tensile strength. As stated in 
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Section 3.2.1, after compaction of every layer, a cone penetrometer was used 
to measure the CBR values to ensure proper compaction. 
4) In between each 250 mm layer, steel wires are pulled across to ensure the 
formwork stays in position when soil compaction is being carried out (also 
shown in Figure 3.11). These were pulled out once the whole wall was 
completed. 
5) Finally, for the rooftop, the geotextile is wrapped round and anchored in the 
centre of the wall using compacted soil as shown in Figure 3.12. An additional 
amount of soil was also compacted on top of the rooftop to serve as a small 
surcharge. 
 
RSW1 and RSW3 were completed on 17th January 2004 and 18th January 2004 
respectively. The formwork was only removed on 7th April 2004. Figures 3.13 and 3.14 
show the completed RSW1 and RSW3.   
 
3.3.2 Construction Method for Geocell Walls (RSW9) 
 
The construction method for RSW9, different from that of RSW1 and RSW3, is as 
follows: 
1) 8 metal pipes of around 4 m length are first driven into the ground to be used 
as anchors for the Geocell. This is done with the help of an excavator. 1.5 m 
length of steel pipe is left above ground (Figure 3.15). 
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2) Next the Geocell is slotted into these poles and pulled across so that the cells 
are fully expanded. This will ensure the full confining strength of the Geocell 
is achieved. Metal L-shaped sections are used to provide additional anchoring 
at the sides. A bit of soil is also poured into the cells to hold the Geocell in 
place. Figure 3.16 shows a schematic diagram of the construction method 
while Figure 3.17 shows the actual construction process. 
3) Soil is then poured in and compacted using a small 0.5ton compactor. Soil is 
filled to slightly above 300 mm in height to minimize damage to the cells as 
the soil compaction is carried out (Figure 3.18). A layer of PEC200 (2.5 m 
length and 5.2 m width) is placed in between each layer of Geocell (Figure 
3.19). 
4) As more layers of Geocell are laid, the steel pipes are pulled out partially by 
the excavator to ensure sufficient length is above ground to anchor the 
Geocell. 
5) Finally after completion of the wall, the steel pipes are pulled out.  
 
RSW9 was completed on 8th February 2004. Figure 3.20 shows the completed RSW9. 
RS4 (geocell wall) was constructed using the same methods in Woomera 2004. 
 
3.4 Instrumentations for RS Walls 
 
Various instruments were used to monitor the response of the three RS walls during the 
ETSC2004 blasts. All the instrumentation schemes were designed by the author with the 
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supervision of the supervisor. However, due to the contract requirements, part of the 
installation was done by National University of Singapore (NUS) while some parts were 
done by Singapore Technologies Kinetics (ST Kinetics). Table 3.5 shows all the 
instrumentations that were installed in the 3 walls. During the blast, all readings were 
taken by ST Kinetics. As seen in Table 3.5, 69 instruments were monitored dynamically 
at a frequency of 200kHz. Figures 3.21 to 3.23 show the actual positions of all the 
instrumentations installed for the 3 walls on site. Note that these figures show the side 
views of the instruments. How these instruments were installed and further details about 
their positions will be elaborated in the later sections. 
 
3.4.1 Instruments Installed by ST Kinetics 
 
Accelerometers (AC), Face-On Pressure Cells (FO), Dynamic Air Pressure Cells (DAPC) 
and Side-On Pressure Cells (SO) were installed by ST Kinetics on the walls. A brief 
elaboration on these instruments is done in the following sections. 
 
(a) Accelerometers (ACM) 
Accelerometers (ACM) were installed by ST Kinetics on all 3 walls in order to measure 
the accelerations of the faces of the walls. To facilitate the installation of these ACMs, 
PVC pipes were laid inside the walls to allow for the wiring to be pulled through. This is 
shown in Figure 3.24. The ACMs were then screwed onto the facing of the walls prior to 
the blasts and the wiring are pulled out from the pipe. The details of the pipe connections, 
piping head and AC are shown in Figure 3.25(a). Some problems were encountered for 
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the installation in RSW9 due to the layers of Geocell. Because of this, the pipes for the 
ACMs had to be inserted in between the layers. This might result in wrong values 
obtained for the RSW9 ACMs. 
 
Two ACMs each (refer to Table 3.3 previously) are installed in each RS wall except 
RSW3 which has 3 ACMs (One is installed inside the trench). The positions (height) are 
shown previously in Figures 3.21 to 3.23.  For each wall, the ACMs are placed at the 
front (RSW*-AF or A1) and back face (RSW*-AB or A2) of the wall. This is in order to 
measure the actual acceleration of the walls during the blast. The ACMs are generally 
positioned at the centers of the walls to provide a good gauge of the overall movements 
of the walls. In addition, for RSW3, an additional AC was placed in the trench to measure 
the acceleration of the wall face due to the ground shock. Its position is showed 
previously in Figure 3.23.  
 
(b) Face-On Pressure Cells (FOPC) 
Face-On Pressure Cells (FOPC) were also installed at the front and back face of the 3 RS 
walls. FOPC measured the reflected air blast pressure on the faces of the walls. RSW1 
and RSW9 have 2 FOPCs each while RSW3 has 3 FOPCs with one installed inside the 
trench (Refer to Figures 3.21 to 3.23 for the positions). These were used to measure the 
pressure of the blast wave acting on the surface of the walls during the blast. The piping 
and installation for the FOPCs is the same as that of the ACMs (refer to Figure 3.24 
shown previously). Figure 3.26 shows how the FOPCs and how they are installed. 
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(c) Dynamic Air Pressure Cells (DAPC) and Side-On Pressure Cells (SOPC) 
Dynamic Air Pressure Cells (DAPC) and Side-On Pressure Cells (SOPC) were installed 
on the sides of all 3 RS walls in order measure the dynamic air blast pressure (RSW*-PH) 
and side on air pressure on the walls (RSW*-PS). They are installed as shown in Figure 
3.27. These are placed at around 1 m away from each side of the wall. Looking at each 
wall with respect to their front face, for RSW1 and RSW9, they are placed on the left 
face while for RSW3, they are positioned on the right. Figure 3.28 shows the positions of 
the DAPC and SOPC with respect to the walls. Note that although PS was meant to 
measure the front face incident pressure, due to the close distance of the blast (1 to 4m), 
the incident pressure measured by PS will be significantly different and lower than the 
actual incident pressure at the middle of the RS walls, where the front face reflected air 
cell (RSW*-FF) was placed. For example for Blast 1, where the blast was 4m from the 
front face, using simple geometric calculations, the actual distance of RSW1-PS is 5.66m 
compared to 4.27m for RSW1-FF. This is shown in Figure 3.29. 
 
3.4.2 Instruments Installed by NUS 
 
The following instruments were installed by NUS. A brief elaboration will be done on 
each type of instruments used.  
 
(a) Total Pressure Cells (TPC) 
Soil pressure transducers (TPC) from Tokyo Sokki Kenkyujo Co., Ltd (TML) were used 
to measure the blast wave pressure traveling thru soil. In order to measure the horizontal 
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blast pressure as the blast wave moves into the wall, all the TPCs were mounted on pre-
fabricated steel plates using silicon (Figure 3.30). Two ranges of TPCs were used, namely 
1000kPa and 500kPa. Table 3.6 shows the technical specifications of the TPCs used.  
 
The TPCs were placed at various locations inside the walls to investigate how the 
pressure varies as it moves thru the walls. The number of TPCs used for each wall and 
their positions are shown previously in Table 3.5 and Figures 3.21 to 3.23 respectively. 
For RSW1 and RSW3, a small hole of around 50 mm depth was dug for placing each 
mounting plate. It was ensured that the mounting plate was placed vertically so that an 
accurate value of the horizontal blast wave pressure can be measured. After being placed 
in position, the TPC is completely covered with sand and hand compacted in order to 
have uniform soil over the TPC (Figure 3.30). Due to the presence of the AC piping 
(shown in Figure 3.24), some of the TPCs’ positions in RSW1 and RSW3 were slightly 
adjusted from their initial intended positions. For RSW9, due to the presence of the cell 
walls of the Geocell, each TPC was placed inside a cell. Due to this, the positions were 
again adjusted accordingly. Figure 3.31 shows the details of installing TPC in RSW9. 
 
Calibration was done for the TPCs prior to installation on site. This was based on the 
concept that using a “standard” input source or input source with known magnitude being 
applied the TPC, the dynamic response of the TPC can be quantified. The reading from 
the TPC is then compared the “standard” input value. A “calibration coefficient” is then 
obtained using the ratio of the input to the output value. This “standard” input is usually 
easily measured for static calibrations, but it is much more difficult to produce for 
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dynamic calibrations especially for sensors used under blasting conditions. The 
calibration was done jointly with another fellow researcher (He, 2009).  
 
Prior to the dynamic calibration, the static calibration was conducted using standard iron 
weights. The TPCs were buried in the sand in a 310mm internal diameter metal 
calibration chamber as shown in Figure 3.32. The thickness of sand layers above and 
below the pressure cells was about 15cm. A 10-mm thick steel plate was then placed on 
top of the sand layer to provide a base for the even distribution of loads applied to the 
TPCs. Iron plates of known weight were used as the “standard” input. In the calibration, 
these blocks were added on top of the steel plate and two total pressure cells installed 
inside the sand were monitored by a static strain meter. The ratio of the soil pressure 
calculated from the weight of the iron blocks and measured from the TPCs were found to 
range from between 0.9 to 1.1. Thus it is concluded that the TPCs provide accurate static 
soil pressure readings. 
 
The same calibration chamber was used for the dynamic calibration of the TPCs. The 
calibration was done using a drop weight of 43kg that was dropped from a pre-
determined height. The force from the drop weight was calculated from the mass and 
acceleration of the drop weight. The acceleration was measured by an accelerometer 
installed inside the drop weight. The whole system was triggered by the drop weight 
passing thru a laser beam. The test setup is shown in Figure 3.33. The soil pressure 
measured by the TPCs is defined as σt, while the impact force calculated from the drop 
weight is defined as σdw. The dynamic calibration factor is then obtained from σdw/σt. 
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Three tests were conducted and the values are shown in Table 3.7. Figure 3.34 shows the 
typical results for one of the tests. As can be seen, the duration of the soil pressure due to 
the impact from the drop weight is around 10-50ms. This is similar to the typical blast 
loading duration. Thus the calibration factors obtained can be used for the blast trial 
itself. The calibration coefficient values obtained ranged from 1.49 to 1.94. This 
calibration gives some insight into the measurement of dynamic soil pressure and the 
results can be considered to be closer to the real soil pressure induced by the blast event 
as compared to that using static calibration.  
 
The calibration results are also consistent with findings of Casagrande and Shannon 
(1949). They conducted some investigations to study the stress-deformation and strength 
characteristics of Manchester sand and Cambridge clayey soils. It was found in the 
unconfined compression tests that the modulus of deformation for transient loading is 
about two times that for static loading. That means for the same level of strain, the stress 
of the soil subject to transient loading should be two times that of static loading. Hence, 
the dynamic calibration is consistent with the transient load effect. For a more 
conservative analysis of the TPC readings, a dynamic calibration coefficient of 2.0 was 
used for the total pressure cells.  
 
(b) Strain Gauges (SG) 
Strain gauges (SG) of Model Number, YFLA-20 (120 ± 0.3Ω resistance, 20 mm length, 
gauge factor of 2.12 ± 2 %) were used in all 3 walls. The SGs were glued onto the 
geotextile pieces in the laboratory before transporting to Pulau Senang. Figures 3.35 to 
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3.36 show the layouts of the SGs on the geotextiles for the 3 walls and a typical SG. 
These SG layers were placed in the center layer of each wall to gauge how the geotextiles 
undergo tension and compression during the blasts.  
 
The method of attaching the SGs onto the geotextile was based on numerous successful 
geotextile field tests conducted previously by the NUS geosynthetics group (Chew, 
1998). These include pullout tests, embankments and so on. This has been modified and 
improved over the last few years to achieve the optimum method of doing so. The 
following critical steps have been identified to ensure proper attachment of the SGs: 
1) Silicon gel is properly applied in a consistent thin layer to serve as the base for 
the SG. 
2) The SG is then placed on top of this base and Araldite (a type of high strength 
glue) is used to attach both ends to the geotextile. 
3) Ensure that sufficient length of the two small lead wires of the SG is provided. 
This is because with the extension of the SG, if not enough leeway is given for 
the lead wires, they might break. 
4) Solder the lead wires properly to the connecting cables (Figure 3.37) 
5) Once the glue has completely dried, cover the SG fully to provide proper 
water protection (Figure 3.38). This is extremely important in Singapore 
context due to the high rainfall and humidity here.  
 
When the SG layers are installed on site, the sides are pulled taut so as to ensure the SGs 
are in tension. This is to ensure proper readings are obtained for the SGs during the blast 
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where the wall is subjected to a compressive force. These layers are placed at the centers 
of each wall. After it is properly laid, soil is used to cover up the SGs so as to protect 
them from damage during compaction. Sufficient length of wires is placed inside the wall 
before extending outside to minimize the danger of the wires being pulled and damaged 
(especially at the connection to the SG) during the blast. Soil is again put on top of the 
wires to keep them in place. Figure 3.39 shows this procedure. Once the SG layer was 
installed on site, readings were taken using a portable strain meter throughout the 
construction phase and at regular intervals during the two months between the completion 
of the walls and the actual blasts. This is to ensure the SGs are working properly prior to 
the blasts. These results are shown in Section 4 of Chapter 4.  
 
(c) Pore Pressure Transducers (PPT) 
Pore Pressure Transducers (PPT) were also installed in RSW1 and RSW3. One PPT each 
were placed in the middle layers of RSW1 and RSW3. The PPTs were purchased from 
Tokyo Sokki Kenkyujo Co., Ltd (TML). Table 3.8 shows their technical specifications. 
Their positions are shown previously in Figures 3.21 to 3.23. The PPTs will be used to 
monitor the change in pore pressure of the wall during the blasts. They are placed lying in 
a small hole with sand covering it. Water is then poured onto the PPT to ensure the soil is 
saturated (Figure 3.40). The PPT serve to measure the response of water in the soil during 
the blast. 
 
3.4.3 Surveying of Surface Deformation of Walls 
In addition to all these instrumentations installed on and inside the 3 walls, surveying was 
done for the walls to measure the surface deformations. To do so, grid lines were sprayed 
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onto 2 faces of each wall, namely the front and side face. These grid lines will be 
surveyed before and after each blast to see the response and deformation of the walls due 
to the blasts. The surveying will be carried out using the LEICA Total Station, Model 
Number TCR303. Figure 3.41 shows the machine that was used. The measurements will 
be done based on a pre-defined reference point (RP) and expressed in the coordinates 
system of Easting (E), Northing (N) and Height (H). 
 
Four reference points (RP) were done around the walls. Figure 3.42 shows the positions 
of the RPs with respect to the walls and the positions of the grid lines. It was ensured that 
the line of sight of the 4 RPs was not blocked by any of the 3 walls. This is to enable 
cross referencing while doing the surveying. The 4 RPs were done by first pushing a 
brass pipe into the ground using an excavator. After this is done, a cement mortar mix 
consisting of cement, water and sand is used to cover the pipe. A small pre-fabricated 
aluminum head is then fixed on top of the pipe and cemented slab. Figures 3.43 and 3.44 
show the completed RP, the RP head and a schematic cross section. All these were done 
to ensure the RPs does not move during the blasts. 
 
The grid lines are sprayed onto the wall faces before the blasts using red spray paint and a 
template made out of durable tracing paper. The paper was pinned onto the wall surface 
using umbrella pins and the grid lines were sprayed on layer by layer. Figures 3.45 and 
3.46 show the template used and the finished grid lines. Initial readings for the 
deformation before the blasts were taken by an outside surveyor. During the blast day 
itself (29th May 2004), the readings were taken after each blast and was done by NUS.
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Facing Soils Other Features 
RSW1 3 6 3 PEC100 PEC100 Residual 
Soil 
Embedded 0.5 m Below 
Ground 
RSW3 3 6 3 PEC100 PEC100 Residual 
Soil 
Trench of Height 1.75 m Below 
Ground 
RSW9 3 6 2.8 Geocell Geocell Residual 
Soil 
Embedded 0.1 m Below 
Ground 
 
Table 3.2: Technical Specifications of PEC100 and Geocell 
 
PEC100 Polyfelt EC300A (Geocell) 
Product Type Composite Geotextile Product Type 3-D Cellular Confinement System
Material 
Polypropylene Continuous-Filament 
Needle Punched Non-Woven & 
High Strength PET Yarns 
Material High UV Resistant Polyetheylene 
Orientation of 
Reinforcement Mono-directional Unexpended Panel Size 
3.19 m by 0.12 m by 
300 mm thickness 
Tensile Strength (kN/m) (MD/CD) 100/12 Expended Panel Size 2.82 m by 6.4 m by 300 mm 
Elongation at Break (%) (MD/CD) 12.5/85 Polymer Properties  
Polymer Polyethylene Tensile Strength (kN/m) 
at % Strain (2%/5%/10%) 13.1/35.1/75.1 Colour Black 
Sheet Thickness (mm) 1.25 ± 0.5 
Carbon Black Content (% by Weight) Min 2% 
Long Term Design 
Strength - 120 years 
(kN/m) 
46.5 
Density (g/cm3) 0.939 – 0.96 
Thickness (mm) 2.5 Seam Strength (kN/m) 116 
Mass (g/m2) 426 Panel Weight (per 100 mm Depth) Max. 25 
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Table 3.2(a): Degree of Compaction of Residual Soil at Pulau Senang during Construction 










Clayey Sandy Silt 
(40% sand, 40% silt, 20% clay) 
3-4 90 10-12 36˚ 90 
 
 
Table 3.3: Internal Stability Design for RSW1 
Layer Depth, z (m) Sv (m) Le (m) Tmax (kN/m) FSrupture FSpullout 
7 0.5 0.5 1.73 1.30 60.63 10.21 
6 1.0 0.5 1.98 2.60 30.32 11.72 
5 1.5 0.5 2.24 3.89 20.21 13.22 
4 2.0 0.5 2.49 5.19 15.16 14.73 
3 2.5 0.5 2.75 6.49 12.13 16.24 
2 3.0 0.5 3.00 7.79 10.11 17.74 
1 3.5 0.5 3.00 - - - 
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Table 3.4: Internal Stability Design for RSW3 
Layer Depth, z (m) Sv (m) Le (m) Tmax (kN/m) FSrupture FSpullout 
9 0.6 0.6 1.78 1.87 42.11 8.76 
8 1.2 0.6 2.08 3.74 21.05 10.27 
7 1.8 0.6 2.39 5.61 14.04 11.77 
6 2.4 0.6 2.69 7.48 10.53 13.28 
5 3.0 0.6 3.00 9.35 8.42 14.79 
4 3.5 0.5 3.25 9.09 8.66 19.25 
3 4.0 0.5 3.51 10.38 7.58 20.76 
2 4.5 0.5 3.76 11.68 6.74 22.26 
1 5.0 0.5 3.00 - - - 
 
























RSW1 2 2 6 1 1 10 1 
RSW3 3 4 8 1 1 10 1 
RSW9 2 2 6 1 1 5 - 
Total 7 8 20 3 3 25 2 
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Table 3.6: Technical Specifications of Total Pressure Cells (TPCs) Used 
Reference 
No. 





Static Reading by 
TML/Zero Balance 
(μstrain) 
In-Air Static Reading 
by Strainmeter 
(μstrain) 
R1-T1 AZ2813 KDE-1MPA 1000 0.529 1810 2030 
R1-T2 AZ0724 KD-1MPS1 1000 0.433 1460 1834 
R1-T3 EBH-03020 KDE-500KPA 500 0.536 -1970 -1923 
R1-T4 EBH-03016 KDE-500KPA 500 0.506 1200 1217 
R1-T5 EBH-03019 KDE-500KPA 500 0.505 -60 -30 
R1-T6 AZ0725 KD-1MPS1 1000 0.423 1220 706 
R3-T1 EBH-03005 KDE-500KPA 500 0.498 390 507 
R3-T2 EBH-03006 KDE-500KPA 500 0.552 710 781 
R3-T3 EBH-03007 KDE-500KPA 500 0.497 2100 2175 
R3-T4 EBH-03009 KDE-500KPA 500 0.496 370 424 
R3-T5 EBH-03010 KDE-500KPA 500 0.502 800 993 
R3-T6 EBH-03011 KDE-500KPA 500 0.496 1220 1274 
R3-B-TPCF EBH-03008 KDE-500KPA 500 0.537 880 989 
R3-B-TPCB EBH-03004 KDE-500KPA 500 0.511 80 252 
R9-T1 EBH-04055 KDE-500KPA 500 0.449 3040 3044 
R9-T2 EBH-04056 KDE-500KPA 500 0.448 840 840 
R9-T3 EBH-04060 KDE-500KPA 500 0.505 1630 1636 
R9-T4 EBH-04058 KDE-500KPA 500 0.39 1470 1475 
R9-T5 EBH-04059 KDE-500KPA 500 0.497 2030 2026 
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Table 3.7: Dynamic Calibration Results 
Test Number Peak Drop Weight Pressure 
σdw (kPa) 
Peak Soil Pressure Measured 
by TPC σi (kPa) 
Calibration Coefficient 
(σdw/σt) 
1 739.56 380.24 1.94 
2 934.84 587.76 1.59 
3 1115.28 750.93 1.49 
 
Table 3.8: Technical Specifications of Pore Pressure Transducers (PPTs) Used. 
Reference 
No. 





Static Reading by 
TML/Zero Balance 
(μstrain) 
In-Air Static Reading 
by Strainmeter 
(μstrain) 
R1-P1 GB2615 KPA-500KPA 500 0.241 -40 -35 


















































































Figure 3.3: Particle Size Distribution of Pulau Senang Residual Soil
Gravel Sand Clay Silt 
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Figure 3.5: Actual Site Layout of RS Walls (9th February 2004) 
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Figure 3.8: Laying of PEC100 for Main Direction of RSW1 






















Figure 3.9: Laying of PEC100 for Transverse Direction of RSW1 









Main and Yarns 
Direction




L6.5m by W5.2m 
A1 















































Figure 3.11: Trenches for Anchoring of PEC100 and Steel Wiring to Stabilize Formwork  
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Figure 3.21: Instrumentation Layout (Side View) of RSW1 
 
 
Figure 3.22: Instrumentation Layout (Side View) of RSW9 
 
 























































































































































(b) Installation of ACM on RSW9 
Figure 3.25: Details of ACM 
























































































































Position of DAPC & SOPC 
(1m from side of wall) 
 

























Figure 3.30: Installation of Typical TPC in RSW1 and RSW3 
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Figure 3.33: Dynamic Calibration Set Up 




Figure 3.34: Typical Dynamic Calibration Readings 


































































































Figure 3.39: Strain Gauge Layer Installation (RSW3) 
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Figure 3.41: Leica Total Station 
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Figure 3.44: Cross Sectional View of RP 
1.5m in depth
Filled with concrete 
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Chapter 4 





In this section, the results obtained from the blast test on 29th May 2004 will be analyzed 
and discussed in details. For each blast, the physical response of the RS walls will be 
discussed followed by the instrumentation readings. Results from Blasts 1 to 3 will be 
compared and analyzed. The instrumentations include Accelerometers (ACM), Strain 
Gauges (SG), Total Pressure Cells (TPC), Pore Pressure Transducers (PPT), Face-on 
Pressure Cells (FOPC), Dynamic Air Pressure Cells (DAPC) and Side-on Pressure Cells 
(SOPC) readings. The surveying results of the grid lines on the faces of the RS walls will 
be presented last. Before these results are discussed, the deformation experienced by the 
walls and the strain values from the SGs in the walls during the construction phase and 
between the construction completion date (8th February 2004) to the date of the blast test 
(29th May 2004) will be presented. 
 
4.1.1 Definition of Terms for Blast Parameters 
 
For the purpose of this research, some blast terms need to be defined for clarity. The two 
main factors for explosives that affect the response of RS structures (i.e. globalized or 
localized effects) are namely: 
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1) Distance of charge to target RS structure 
These distances can be quantified using the scaled distance, Z, of each blast, 
which takes into account the charge weight. Close range blasts are defined as 
blasts where Z ≤ 1 while far range blasts are defined for Z ≥ 2.  
2) Size of charge weight 
Medium scale blasts are defined as blasts with an equivalent TNT charge 
weight of 100 to 300kg while large scale blasts are defined as blasts with 
charge weights ≥ 1,000kg. 
 
4.2 Deformation of Walls during Construction & Before Blast 
 
After the walls are completed on 8th February 2004, all 3 walls were subjected to 
weathering due to exposure to rain, wind and sunshine. In addition, the formwork of 
RSW1 and RSW3 were not removed until 7th April 2004. Due to this, the wooden planks 
were slightly rotted and were partially stuck to the RS wall facing geotextile. Thus when 
the planks were removed, the geotextile was pulled outwards and highly discolored. This 
is due to the presence of the wood, soil and rain. Also the steel wires, that were pulled 
across to hold the wooden planks in place during the construction, rusted. Furthermore, 
due to the settlement of the soil mass over the past few months, kinks were formed by 
these wires. All these are shown in Figure 4.1.  
 
The most significant effect of the weathering of the walls was seen in the substantial 
settlement of the 3 walls. Manual measurements were taken for the height of each 
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geotextile layer at regular intervals for RSW1 and RSW3. Surveying readings for all 4 
sides of the walls were measured. For RSW9, only the heights of the wall at regular fine  
intervals were taken. The results for RSW1 and RSW3 are plotted based on the 
coordinates system shown in Figure 4.2.  
 
Figures 4.3 to 4.5 show the results for RSW1 while Figures 4.6 to 4.8 show the results for 
RSW3. As can be seen, RSW1 and RSW3 have settled significantly after their 
completion. During construction, the walls’ heights built were around 3m. However the 
figures showed that the average heights of RSW1 and RSW3 were only 2.625 m and 
2.772 m respectively. This means that the soil has settled around 20 to 30 cm in 2 
months. RSW1 also deformed around 10 cm more than RSW3. This could be due to the 
more significant compaction of the soil in RSW3 as RSW1 was the first wall to be 
constructed where the workers were not as familiar with the construction method yet. It 
should also be noted that there was more wet days during the construction of RSW1 than 
that of RSW3, resulting in softer soil in RSW1. 
 
From the graphs for the front and back face of RSW1 and RSW3, it is very obvious that 
the sides of the walls deformed more than the center of the walls. This is more profound 
in RSW3 as can be seen in Figures 4.6 and 4.7. This is because the soils at the sides 
(outer perimeters) of the RS walls were not as easily compacted as the center of the wall. 
Thus compaction was better at the center of the wall which in turns resulted in less 
settlement. From Figure 4.8, it can be seen that the back section of RSW3 deforms more 
than the front by about 10 cm (Front average height is 280 cm and back average height is 
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270 cm). This is further evidenced in Figure 4.9(a) and 4.9(b) which shows RSW3 on 
site, where tilting of the wall is observed. The main reason is due to the presence of the 
trench at the back face of RSW3. Due to this, the soil (in the back section and inside the 
trench) has a larger unsupported height and will therefore bulge out or deform more than 
the soil in the front face of RSW3, as shown in Figure 4.9(b). 
 
For RSW9, only the height of the wall was measured. The average height of all 4 sides 
was 2.73m. This shows that RSW9 also settles by almost 20 to 30 cm. The previous 
reasons given for the soil settlement also applies to RSW9. 
 
4.3 Strain Gauge Values for RS Walls During Construction Phase & Before Blast 
 
The strain gauges installed in the RS walls were continuously monitored throughout the 
whole construction process up till the actual blasts. This monitoring was done over the 
course of around 3 months. Figures 4.10 to 4.12 show the strain developed in the walls 
prior to the blast. As stated in the previous chapter, all the SGs were installed at 1.5m 
height. As can be seen for all walls, as more layers of soil and reinforcement are added 
and compacted on top of the instrumented layer, the strain values increases. This verifies 
that the SGs are working correctly throughout the construction process. There is a gradual 
increase in strain for all walls upon completion of the walls till the actual blasts. This 
increase can be explained by the settlement of the walls during these 3 months which has 
been shown in the previous section. 
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For both RSW1 and RSW3, SG1 and SG6 experienced the highest strain among all the 
SGs. This is expected as the front faces of the walls actually settle more compared to the 
mid section and rear face of the walls (Figures 4.5 and 4.8). Thus at the front faces, the 
geotextile is stretched more comparatively. For RSW1, the SG values range from around 
0% to 1.2% prior to the extension of the SG cables. This shows that that the geotextile 
was pre-tensioned prior to the blast and will provide sufficient anchorage for the soil. It is 
noted that overall the strain values for RSW9 was lower than RSW1 and RSW3 with a 
maximum value of around 0.85%. This is expected as for RSW9, the instrumented 
geotextile layer was just laid on the geocells without any tensioning at the sides. This is 
different from RSW1 and 3 where the instrumented layer was wrapped round the facing. 
Thus the pre-tensioning was less significant compared to RSW1 & 3. Some tension was 
still developed as RSW9 settles over 2 months prior to the actual blast.  
 
As expected, upon extension of the SG cables to the junction box for data logging, the 
strain values generally increase due to the added resistance of the extension wires. The 
strain values are quite stable after the extension. Note that for RSW3 and RSW9, the 
strain values do not increase as much compared to RSW1 as they were both nearer to the 
junction box, which was placed behind RSW3. These results show that the SGs were 
working well just prior to the blast. 
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4.4 Blast Events & Modeling of Impulse & Peak Pressure 
 
A total of 4 blasts were carried out at Pulua Senang. The 1st to 3rd Blasts were conducted 
on 29th May 2004 while the 4th Blast was conducted on 31st May 2004. The positions and 
characteristics of these blasts are shown in Table 4.1. For the first three blasts, 
instrumentation readings were taken during the blasts. Photography and surveying were 
also done before and immediately after each blast. For the 4th blast on 31st May, no 
instrumentation readings were taken and only photography was taken. The positions of all 
4 blasts are shown in Figure 4.13. The focus of this study is on closed range medium 
scaled blasts, thus scaled distances of less than 1.0 were designed. This was significantly 
different from the Woomera blast trials (He, 2009) where the focus was on large scaled 
field blasts, thus scaled distance was more than 2. Blast 2 was placed nearer at Z= 0.42 as 
RSW1 did not fail after Blast 1. Blast 3, which was a MK82 bomb was placed at Z= 0.21 
so as to obtained the extreme failure of RSW3. Blast 4 was conducted so as to achieve a 
failure state for RSW1. 
 
Before any blast was carried out, the peak pressure and impulse at the front face of the 
wall were numerically computed using CONWEP based on loading on structures. 
CONWEP (Conventional Weapons Effects Program) is a program produced by the U.S. 
Army Engineer Waterways Experiment Station based on the methodology and data 
documented in the U.S. Army Code TM 5-855-1. It is widely used as the first cut 
estimation of blast pressure and impulse loading for practical applications as it is based 
on actual data and the predictions can be made instantly. Table 4.2 shows the values 
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obtained. All the pressure values refer to the reflected pressures. The peak pressure 
obtained refers to the point on the front face which is directly in front of the charge (i.e. 
midpoint of front face), while the minimum pressure is the pressure experienced at the 
edges of the walls (3 m from center of wall). The impulse was also found. As expected, 
the nearer the distance between the wall and the charge, the higher the peak pressure. 
However the total and average impulse for Blast 2 is larger than that for Blast 3, although 
Blast 3 has a smaller scaled distance than Blast 2. This is because the Blast 3 charge was 
a cased bomb instead of a bare charge. It is also evident that for the bomb, the decay 
coefficient is higher than that for the bare charge, resulting in smaller total impulse. 
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4.5 Results of Blast Event 1 
 
Blast 1 bare charge of 110 kg was placed at 4 m in front of RSW1 (scaled distance, Z = 
0.8 for RSW1). The results will be discussed according to the following sequence: 
a) Physical damage sustained by the walls based on observation and photography 
taken. 
b) Instrumentation results and analysis of all 3 walls taken during Blast 1. 
Results from each wall will be compared against each other and for the subsequent blasts, 
the results between each blast will be compared. 
 
4.5.1 Physical Damage of RS Walls  in Blast 1 
 
4.5.1.1 Wall RSW1 in Blast 1 
For Blast 1, which was placed nearest in front of RSW1, RSW1 obviously sustained the 
most substantial damage. This is shown in Figure 4.14. Despite the damage, RSW1 is still 
structurally sound and the wall face is still generally vertical. As can be seen, the front 
face of the geotextile was completely burnt off due to the intense heat generated by the 
blast. The grid system painted was no longer visible at all. This shows the temperature at 
the front face was much higher than 300˚C which is the melting point of the polyester 
yarns in PEC100. The 2 sides of RSW1 were also slightly blackened. However, the back 
facing of the wall was completely intact and undamaged (Figure 4.15). This shows the 
huge variation in temperature in front and behind the wall (much lower than 160˚C – 
melting point of the polypropylene base in PEC100). This is because the fire produced by 
Chapter 4 ETSC2004 Results & Discussions 
124 
the blast is mainly blocked by the front face of the wall which in turns means that that the 
back face was not burned by the fire. This implies that RS walls can be used as a good 
protection against fireballs resulting from blasts.  
 
Another important observation was the slight indentation in the front face of the wall. 
This indicates that the blast was localized at the bottom of the wall (seen in close up of 
RSW1 in Figure 4.16). This implies that the bottom of the wall is subjected to much 
higher blast wave pressure compared to the upper sections of the wall. This non-
uniformity was first observed in ETSC98 (Ng et al., 1998) as explained in Chapter 2, 
Section 2.4.2 previously). This localized behavior is significantly different from the 
Australia Woomera 2002 blast tests (He et al., 2003) where the whole front face of the 
RS walls experienced similar blast wave pressures and the whole wall shifted and 
deformed in one direction (global response). This difference in response of the wall for 
large scale and medium scale blasts is because due to the small charge, the actual distance 
from the charge to the target is very small for the same scaled distance, k. Therefore this 
results in a non-uniform pressure distribution on the front face of the RS wall. This 
implies that if the dimensions of height (H) and width (B) of the wall are small with 
respect to the distance of the charge to the wall, localized behavior occurs. This 
postulation will be further supported in the instrumentation results.  
 
The front face indentation on RSW1 was measured and it has the shape of around 1/5 of a 
hemisphere and a shape of 2/3 of a circle (Figure 4.16). The radius was around 0.5m and 
the depth of the indentation was around 0.1m. This volume of the front face 
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indentation/crater formed will be used as the basis for the design charts for RS walls 
subjected to close ranged medium scale blasts. This will be presented in later sections 
Chapter 8, Design Charts.  
 
In addition, there was also a very slight tilt in the wall due to the blasts. This is expected 
as the top few layers will deform or move more due to the lower surcharge although the 
blast wave was also lower at the top of the wall. This shows the surcharge effect is more 
significant than the reduction in blast wave pressure as the wave moves over the wall. 
The crater produced by the blast measured 3.75 m in diameter and 1.18 m in depth. 
 
4.5.1.2 Walls RSW3 and RSW9 in Blast 1 
Due to distance of RSW9 and RSW3 (scaled distance of around 2 and 3 respectively) 
from Blast 1, the damage sustained was minimal as shown in Figures 4.17 and 4.18. Both 
walls were still intact and standing upright and there was minimal deformation. The front 
facing of RSW3 was generally undamaged and only slightly blackened and burnt either 
due to the soot or heat produced by the blast. The back faces of RSW3 and RSW9 were 
totally undamaged like RSW1. 
 
However the front face of RSW9 sustained more damage. The 1st row of cells of RSW9 
were mostly broken and some soil had fallen out. Pieces of Geocell from RSW9 were 
found flung as far as 39.8 m away from the Blast 1 position (Figure 4.19 shows the close 
up of the front face of RSW9). This is because Geocell is much more rigid and brittle 
compared to PEC100 which was used for RSW1 and RSW3. Thus Geocell will not 
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deform as much and will be much easier to break off when subjected to blast pressures.  
Another observation is the change that occurred to the Geocell after the blast. It was 
much more harder and rigid compared to before the blast. This shows that the high 
temperatures of the blast affected the properties of the Geocell. This is because the 
melting point of Geocell is at around 130˚C which is quite low. This implies Geocell 
could have partially melted during the blast or was significantly burnt by the temperatures 
generated, resulting in a change in properties. 
 
Due to the small sizes of the geocell debris formed, field samples could not be tested to 
check the change in properties of the Geocell due to the blast. As such, laboratory tests 
were conducted on other geocell pieces. Geocell samples were heated in an oven of 
constant temperature of 100°C for two hours. These samples were then subjected to 
tensile strength tests using the INSTRON machine in the geotechnical laboratory in NUS. 
This is shown in Figure 4.19(b). It was found that geocell increases in strength by around 
10% and decrease in axial strain by around 20% after heating. Figure 4.19(c) shows these 
test results. Several other samples were also heated at various temperatures and durations 
and all were found to decrease in axial strain with an increase in tensile strength 
compared to the unheated sample. The longer the heating duration results in a greater 
decrease in axial strain. Thus this verifies that geocell does become harder and more 
brittle when heated. This change is expected to be even more drastic during the actual 
blast as the temperature is much higher. 
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4.5.2 Blast 1 Instrumentation Readings for RS Walls 
 
All instrumentation readings during the tests were taken by ST Kinetics. The 
instrumentation results are shown according to the instrumentations in the order of ACM, 
FOPC, TPC, DAPC, SOPC and SG for all the walls. For instrumentation, the results will 
be presented in the following order for the walls RSW1, RSW3 and RSW9. Results for 
Blast 1 will be presented, analyzed and comparisons made between each wall. Blast 1 
results will also be compared to the results for the other 2 blast tests in later sections. 
 
For Blast 1, the charge was placed closest to RSW1 at 4m, thus the readings for this wall 
is highly important. RSW3 was placed the furthest from the charge at approximately 14.5 
m (scaled distance, Z = 3.0) so it is expected that the instrumentation readings will be 
much lower than RSW1. RSW9 was placed at a distance of around 9.58 m (scaled 
distance, Z = 2.0) from the Blast 1 charge. 
 
(a) Accelerometers (ACM) in Blast 1 
(i) RSW1 in Blast 1 
For RSW1, looking at the accelerometer (AC) readings (RSW1-A1 and A2) in Figure 
4.20, a very high acceleration of 13,857 m/s2 was registered for the front ACM (RSW1-
A1) at 57.5ms. This drops to 354m/s2 at 66.3ms at the back of the wall (RSW1-A2). This 
shows that RSW1 absorbs the bulk of the blast wave and reduces it by more than 97% by 
the time the wave passes through. There is also an obvious compression phase for both 
A1 and A2. It can be seen that the acceleration versus time diagram depicts the classical 
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positive and negative phase of a blast event. Based on the front face acceleration readings 
(RSW1-A1), which returns to its initial value after 90ms, the wall returns to rest once the 
blast waves passes through. 
 
The acceleration reading for RSW1-A1 was double integrated to obtain the velocity and 
displacement of the front face of RSW1. These are shown in Figure 4.21. It can be seen 
that the front face moves at a peak velocity of around 7.8m/s at around 57.5ms which 
coincides with the peak acceleration time. The front face displaces by a small amount of 
only 42.5mm at around 69ms. This small displacement despite how near the blast was, 
was consistent with the site observations where RSW1 did not deform much after the 
blast. This result will be compared with the deformation obtained from the surveying of 
the grid lines in Section 4.8.1 later.  
 
(ii) RSW3 in Blast 1 
For RSW3, 3 ACs were installed (results shown in Figure 4.22). In addition to A1 and A2 
at the front and back face of the wall, another accelerometer (RSW3-B-AB) was installed 
in the trench to see the effects of a trench on the performance of the wall.   
 
For RSW3-A1, the peak acceleration measured was only 1115 m/s2. RSW3-A2 at the 
back face only measured a very low acceleration of 193 m/s2 which is a reduction of 
around 83% from 1115 m/s2. For RSW-B-AB, the acceleration was too small to be 
registered by the accelerometer. This shows that the blast wave that ‘spills over’ onto the 
back face is not significantly strong enough to affect the trench. The front face 
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acceleration of RSW3-A1 was also integrated once to obtain the velocity. A velocity of 
around 1.55m/s was obtained. 
 
For the reduction rate between A1 (front face) and A2 (back face), the values calculated 
were 97%, 83% for RSW1 and RSW3 respectively. RSW3’s decrease was not as drastic 
Due to the further distance, by the time the blast wave travels to RSW3, its strength was 
already significantly reduced and the effectiveness of the shielding provided by RSW3 
will not be as pronounced.  
 
(iii) RSW9 in Blast 1 
The results for the ACs (RSW9-A1 and A2 in Figure 4.23) were unexpectedly low. The 
acceleration recorded was very low with A1 recording a peak of only 81m/s2 and A2 
giving 0.06m/s2. This may be incorrect due to the improper installation of ACMs by ST 
Kinetics on the Geocell wall as the pipes connecting to the ACMs were inserted between 
layers of geocell resulting in insufficient anchorage in the ACMs.  
 
The variations in front face accelerations for all 3 walls are plotted in Figure 4.24. For 
RSW3-A1, the peak acceleration measured was only 1115m/s2 compared to 13,857m/s2 
for RSW1 which is a reduction of around 92%. This shows that the blast wave force 
decreases exponentially as the distance from the charge increases. For RSW9, the peak 
acceleration was even lower at only 81m/s2 for RSW9-A1 which is around 0.6% of 
13,857m/s2. The main reason is probably because the installation of the RSW9-A1 was 
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in-correct, as stated previously in Section 3.4.1(a), and the values obtained might be 
wrong. Moreover, after Blast 1, RSW9-A1 did not register any results for Blasts 2 and 3. 
 
(b) Face-On Pressure Cells (FOPC) in Blast 1 
(i) RSW1 in Blast 1 
In RSW1, a very high front face reflected blast pressure (RSW1-FF) of 6539 kPa was 
captured as shown in Figure 4.25. This value is lower than the CONWEP value of around 
12,870 kPa obtained for the peak pressure directly in front of the charge (as shown by 
point P in Table 4.2). FF was actually placed in the middle of the front face of RSW1 at 
1.5 m above P. The adjusted CONWEP value at distance 4.272m from the blast was 
11,000 kPa, which was still higher than the actual measured value (an overestimation of 
68%). This is consistent with the conclusion reached previously by He (2009) that 
CONWEP constantly over-predicts the reflected air pressure. However, this FF pressure 
of 6539 kPa is close to the equivalent uniform peak pressure of 8405 kPa (Table 4.2).  
 
Due to the close distance of the blast with respect to the wall dimension, the pressure 
would not be constant over the front face of the wall. This vertical variation in pressure 
along the front face of the wall was substantiated by the slight indentation in the front 
face of RSW1 as explained in Section 4.4.1.1 and shown in Figure 4.16 previously. This 
occurrence will be further explained in later sections. The back pressure recorded by 
RSW1-FB (Figure 4.25) was 115 kPa which shows a reduction of over 98%. This value is 
very high and shows the effectiveness of RS walls. 
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Integration of RSW1-FF (front face) and FB (back face) were also done to obtain the 
impulse acting on the wall (Figure 4.26), which is basically the area under the pressure 
curves. This serves as a clearer indication of the blast intensity compared to peak 
reflected pressure as it takes into account the blast duration. This is a reduction of around 
71% (from 3.48 kPa.s to 1 kPa.s) was obtained. This is still significant but less than the 
over 98% reduction for reflected air pressure. However this is a better gauge of the 
response of RSW1 and shows that it was still highly effective in reducing the blast wave 
intensity. Again CONWEP (instantaneous impulse at a point = 4.95 kPa.s at 4.27m from 
Blast 1, which is the position of RSW1-FF on the front face) overestimates the measured 
impulse by 42%, which is similar to the percentage of overestimation of the reflected 
pressure (see RSW1-FF).  
 
Looking at the CONWEP equivalent uniform impulse of 3.97kPa.s from Table 4.2, where 
the blast loading on the whole front face of RSW1 was considered, this was closer to the 
measured value of 3.48kPa.s. It was overestimated by only 14%. This was a similar trend 
to the estimated CONWEP value for RSW1-FF, where the equivalent uniform peak 
pressure of 8,405kPa was nearer to the measured peak pressure of 6,359kPa compared to 
the instantaneous CONWEP peak pressure of 11,000kPa. Thus in close range blasts, 
CONWEP equivalent uniform pressure and impulse values for loadings on structures 
(Table 4.2) will provide a better estimation of measured pressure and impulse compared 
to the instantaneous CONWEP values for a point in space. 
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(ii) RSW3 in Blast 1 
For RSW3, results of the face-on pressure cells (FOs) are shown in Figures 4.27 and 4.28. 
again. RSW3-FF (at front face) recorded a peak value of 449 kPa which was reduced to 
only 21 kPa at the back face of the wall (RSW3-FB). The pressure recorded by RSW3-B-
FB (inside trench) is even lower at only 7 kPa. This is a reduction of 95% and 98% from 
the front face when the pressure reaches the back face and trench respectively. This 
shows that if something is placed in the trench, minimal damage will occur. This 
reinforces the observations discussed in Section 4.4.1.2 previously. 
 
Figure 4.29 shows the impulses of RSW3-FB and RSW3-B-FB. As seen, RSW3-B-FB 
(in the trench)  recorded a much lower impulse of only 0.04 kPa.s compared to 0.38 kPa.s 
for RSW3-FB (back face of wall – not in trench). This is only around 1% of the impulse 
of the back face not in the trench. This shows again that the wall was highly effective in 
protecting any equipment or personnel placed in the trench. This implies the potential 
application of RS walls as protective civilian blast barriers and ammo dumps. This will be 
further elaborated in Chapter 8. As expected, RSW3-FB value was only around 38% of 
RSW1-FB (similar wall) as RSW3 was placed at a higher scaled distance of 3.0 
compared to a scaled distance of 0.8 for RSW1. 
 
(iii) RSW9 in Blast 1 
For RSW9 (Figure 4.30), the percentage reduction of the peak pressure at the front wall 
face to the back wall face was found to be around 90% (545kPa to 55kPa). Note that 
these values will be compared to those obtained from the Geocell wall (RS4) in Woomera 
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2004 to give a better picture of how Geocell walls response to blasts. The results for RS4 
will be presented in the next Chapter 5. For impulse, peak values of 0.52 kPa.s and 0.44 
kPa.s (Figure 4.31) for the front face and back face impulse respectively were obtained. 
This is only a reduction of 15% from the front face impulse. This trend is significantly 
different from the previous results for RSW1 where there was a reduction of 71%. This is 
because for RSW9-FB, the positive duration of the reflected pressure was much longer 
than RSW9-FF. Thus despite the difference in peak reflected pressure values, the 
impulses RSW9’s front and back faces were subjected to were similar.  
 
Figure 4.32(a) shows the variation of front face air pressure for each wall. The value of 
449 kPa recorded by RSW3-FF was much lower than 6539 kPa measured by RSW1-FF. 
This 93% reduction is almost the same as the 92% reduction in acceleration between 
RSW1-A1 and RSW3-A1 as shown in Figure 4.24. As expected, the reading of 545 kPa 
for RSW9-FF is higher than RSW3 but lower than RSW1. This reduction of front face air 
pressure (FF) from 6539 kPa (RSW1) to 545 kPa (RSW9) and finally to 449 kPa 
(RSW3), shows again how the blast pressure reduces non-linearly with increasing 
distance from the blast with a significant reduction in the first 8m from the blast. This is 
verified by results obtained from CONWEP as shown in Figure 4.32(b). The front face 
pressure values are normalized by pressure value of RSW1-FF (measured and CONWEP) 
and expressed as a percentage. As seen, the significant decrease in front face pressure 
with distance is similar for both CONWEP and the measured values. 
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For the reduction rate between FF and FB, RSW1, RSW3 and RSW9 gave values of 
98%, 95% and 90%. This shows that regardless of the distance of the charge to the wall, a 
RS wall is able to reduce the blast wave pressure significantly. However comparing the 
actual percentages, RSW1 had the highest reduction while RSW9 had the lowest. RSW3 
was not as effective as RSW1 because by the time the blast wave reaches RSW3, its 
intensity had reduced significantly thus the reduction rate will not be as pronounced. For 
RSW9, although it was nearer to the charge than RSW3, it was more rigid and thus 
unable to deform more than the PEC100 walls and thus the shock absorption is less 
effective. 
 
Another reason for very high reduction for RSW1 is the arching effect. When a blast 
wave hits a RS wall, the soil at the front face is ‘arched in’ and behaves like a denser, 
thus it was able to absorb more blast pressure. This effect will be more pronounced as the 
charge becomes nearer and nearer to the wall. Thus RSW1 has the highest reduction due 
to the high intensity of the blast wave and the more pronounced arching effect. 
 
(c) Total Pressure Cells (TPC) in Blast 1 
(i) RSW1 in Blast 1 
For the soil pressure inside RSW1, the results for the total pressure cells (TPCs) are 
shown in Figures 4.33 and 4.34. For RSW1-T1 to T3, due to the range being set too low 
during the blast by ST Kinetics, the peak readings of these TPCs were not registered and 
thus these values were not used. Note that based on previous research done (Ng, 2000 and 
He, 2009), it was found that the transmitted pressure at the face of soil walls is a function 
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of the reflected blast pressure (as measured by RSW1-FF). Hence for simplicity, all soil 
pressure values will be normalized by the RSW1-FF value. For RSW1, the blast wave 
pressure is reduced from 6539 kPa (air blast pressure at front face of wall, RSW1-FF) to 
1857 kPa (0.5 m into wall, RSW1-T6) and then to 630 kPa (1.5 m into wall, RSW1-T4). 
Finally it is reduced to 109 kPa at 2.5 m into wall (RSW1-T5). This is around the same as 
115 kPa measured by RSW1-FB.  This is because (as explained in Section 2.3.2 in 
Chapter 2: Literature Review) as the blast wave moves through and over the wall, part of 
the blast wave ‘spills over’ to the back face of the wall and exerts an additional force thus 
resulting in a higher pressure for RSW1-FB. However this effect is not significant 
compared to RS walls in large scaled blasts as observed in Woomera 2002 and 2004 (He, 
2009).  
 
The percentage reduction in blast pressure is shown graphically in Figure 4.35. As can be 
seen, 0.5 m of soil can reduce the blast pressure by almost 72% from air blast pressure, 
which shows the effectiveness of RS walls. The very small back pressure of 115 kPa 
compared to the front face pressure is further supported by the physical appearance of the 
back face which has very minimum damage. As observed and shown previously in Figure 
4.15, the back face was completely undamaged after Blast 1. Note that RSW1-T6 is not 
in the same elevation as RSW1-T4 and T5. It is expected that RSW1-T2 (same elevation 
as T4 and T5) will have a higher value than RSW1-T6 as it is postulated that non-uniform 
front face pressure occurs with the bottom of the wall experiencing the highest reflected 
pressure and the top section of the wall experiencing lowest pressure (this will be verified 
later in Section 4.5.2(c)(iii)). Thus the reduction in the 1st 0.5m of soil might be less than 
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72%. All the pressure cells started having measurements at around 57 to 58ms, which 
means that the shock wave travels 4 m from the charge to the wall in around 57.5ms. This 
value is the same as that observed by RSW1-A1. 
 
(ii) RSW3 in Blast 1 
For RSW3 TPCs, the results are shown in Figures 4.36 and 4.37. The percentage 
reduction in pressure for all TPCs is shown in Figure 4.39. The increase for T3 (151kPa) 
is unexpected but could be due to harder material (e.g. small rocks or more compacted 
soil) pressing onto T3 compared to T2 (107kPa). Moreover, the pressure exerted is 
already very low so there is less obvious difference between readings of T2 and T3.  
RSW3 also had 2 more TPCs (RSW3-B-TPCF and TPCB) installed at 0.75 m below 
surface level. These results are shown in Figure 4.38. As can be seen, the front TPC (B-
TPCF) registered a lower peak of only 88 kPa compared to the peak of 133 kPa for 
TPCB. This shows that the soil absorbs most of the blast wave traveling through the soil 
resulting in a very low value for RSW3-B-TPCF. By the time it reaches RSW3 below 
ground, it has passed through around 14 m of soil. Thus the whole cross section of RSW3 
will probably experience a similar blast pressure of around 40 plus kPa. The reason for 
the higher peak value of RSW3-B-TPCB is due to the small back pressure present from 
the blast acting on the back face of RSW3 in the trench. Note that all the pressure cells 
exhibited an obvious tension and compression phase which is typical of a blast wave.  
 
Comparing these soil pressure values with those obtained for RS walls (RS3 and RS6) 
placed at Z=3 in Woomera 2002 (He, 2009) (as shown in Figure 4.40), it can be seen that 
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the soil pressure recorded for the present study was slightly higher at a distance of up to 
2.5m into the wall, although they were placed at the same scaled distance of 3. Note that 
these walls are bigger than RSW3. This again signifies the differences in large scale and 
medium scale blasts.  
 
(iii) RSW9 in Blast 1 
For RSW9 (Figures 4.41 to 4.42), all 6 TPCs recorded coherent readings. Figure 4.43 
shows the percentage reduction. As before the general trend is similar to the other 2 
walls. The back pressure of 55.3 kPa (RSW9-FB) is lower than T5 (88kPa). This again 
shows the difference in large scale blasts conducted in Woomera and close ranged 
medium scale blasts in ETSC2004. The ‘spill over’ effect in ETSC2004 was not 
significant.  
 
In addition to the horizontal pressure variation through the wall, the vertical pressure 
variation is also plotted for RSW9. Figure 4.44 shows this variation of peak pressures for 
the TPCs at a vertical section at 0.5m from the wall face (i.e. T1 at 0.85 m height, T2 at 
2.1 m height and T6 at 2.3 m height). It can be seen that the peak pressures change from 
177 kPa at T1 to 167 kPa at T2 and to 158 kPa at T6. This indicates that the peak pressure 
is reducing with height. Thus even at Z=2, the front face pressure was not consistent due 
to the small actual distance of the blast with respect to the dimensions of the walls. This 
is also consistent with the physical observation of RSW1 (Figure 4.16), where there was 
an indentation in the front face of the wall due to the non-uniform blast pressure.  
 
Chapter 4 ETSC2004 Results & Discussions 
138 
The cause and effect of this non-uniform front face pressure is due to the relatively short 
distances between the walls and the charge. Because of the small charge (110 kg only), 
the distance is smaller for the same scaled distance, Z as compared to the case with a 
larger charge. In this case, since the blast wave moves outwards from the charge in a 
hemispherical shape, the distance is not enough for the blast wave to become a 
completely uniform horizontal force when it hits the front faces of the walls. This is very 
different compared to the Australia 2002 and 2004 tests (He et al., 2003) where the 
charge weight is 5 and 27 tons. This result in the walls being placed much further away 
compared to these Pulua Senang blasts for the same scaled distance. For example, at Z = 
2, for the 110 kg charge, the distance is 9.6 m while for a 5 tonnes cased charge (around 
6000 tonnes equivalent TNT), the distance is 36 m. As the distance from the charge 
increases, the non-uniformality of the front face blast pressure will reduce. This effect 
will be the most profound in RSW1, then RSW9 and lastly RSW3.  
 
(iv) Comparison of Pressure Reduction Trends for all 3 RS Walls in Blast 1 
The 3 reduction trends of the soil pressures for RSW1, RSW3 and RSW9 is plotted 
together in Figure 4.45, it can seen that the pressure reduction is higher in the PEC100 
walls (RSW1 and RSW3) compared to the Geocell wall, RSW9. This is expected as 
Geocell are more rigid and thus when the blast wave passes through the wall, the 
wall/soil cannot deform as much as normal geotextile like PEC100. This indicates that 
Geocell may have slightly poorer shock absorption in RSW9. This will be further 
explored in Blast 2.  
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Research conducted previously have shown that Geocell produces stiffer walls (i.e. better 
reinforced soil) compared to geotextile walls. Research conducted by Tafreshi & Dawson 
(2010) show that by using Geocell in a strip footing, the stiffness of the soil is 
significantly increased compared to using geotextile as the reinforcing material. This is 
based on the increase in bearing capacity and reduction in settlement compared to an 
unreinforced strip footing. The general test setups and results are shown in Figure 
4.45(a). The bearing capacity using geocell is increased by a factor 2.73 compared to 1.88 
for geotextile reinforcement. Settlement of Geocell was also reduced by 63% compared 
to 47% for geotextile reinforcement. This proves that Geocell reinforcement is indeed 
stiffer than geotextile reinforcement for the vertical settlement response subjected to 
vertical stresses. For the case of GeoCell elements used as wall facing and reinforcement 
subjected to lateral shock pressure arising from blast load, a similar response can be 
expected as the GeoCell will function similar to the reinforcement case where the 3D 
cellular confinement will “confine” the soil filled in it and resulted in less lateral 
movement than geotextile wall when subjected to blast load. Thus, GeoCell wall is 
“stiffer” than geotextile wall in response to blast load. Currently no dynamic loading on 
stiffness of soil in Geocell structures have been conducted and this hopefully will be done 
by future researchers. 
 
Comparing RSW1 and RSW3, the percentage reduction for RSW1 is higher than RSW3. 
A possible explanation is the arching effect which is more pronounced in RSW1 (at 
Z=0.8) compared to RSW3 (at Z=3.0).When the RS wall is subjected to blast loading at 
small Z, the soil inside is compressed inwards which thereby increases its confining 
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stress. This results in better blast pressure absorption. Thus the nearer the charge the more 
significant will be this arching effect.  
 
Another point to note is that for all 3 walls, the back pressure (FB) measured is lower 
than the soil pressure 2.5m into wall (T5). This shows that in closed ranged medium scale 
blasts, the back pressure was not significant and there is no ‘spill over’ effect of the blast 
wave over the top of the wall. This is very different from the large scale Woomera blast 
trials where high values of back pressure were obtained (He, 2009). Thus it can be 
inferred that for such blasts, RS walls can effectively shield the blast wave and any 
personnel or equipment placed behind the wall will be sufficiently protected.  
 
(d) Dynamic Air & Side-On Pressure Cells (DAPC & SOPC) in Blast 1 
(i) RSW1 in Blast 1 
The dynamic air pressure measured (RSW1-PH in Figure 4.46) at 1m to the side of 
RSW1 at a height of 0.5m, was very high at 4,682 kPa. However this might not be correct 
as the trend displayed in the measurement was highly erratic. It is also the author’s 
opinion that the way of mounting the sensors (see Figure 3.27) for this sensor is not 
appropriate.  
 
For the pressure acting at the side of the wall (side-on pressure), a high value of 933 kPa 
(Figure 4.46, RSW1-PS) was obtained. However compared to 6538 kPa obtained for the 
front face, the side face is subjected to a pressure less than 14% of the full blast wave. 
This is also supported by the physical observations of RSW1 as discussed in Section 
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4.4.1.1 previously, where the sides of RSW1 do not deform as much as the front face. 
This side-on pressure value was very different from the value of the incident front face 
pressure. This shows that while conventionally, side-on pressure was used to estimate the 
front face incident pressure; this is only true when it is a far field blast. As shown in 
Section 3.4.1(c), due to the close range, the distance between the blast to the front face 
(FF) was 4.27m while the distance between the blast and the side-on pressure PS is 
5.66m. There is a percentage difference of over 30%. This was shown in the previous 
chapter in Figure 3.29.  
 
Using CONWEP, the incident pressure at the side-on sensor (PS) and the front face 
sensor (FF) were predicted to be 947 kPa and 1721 kPa at 4.27m and 5.66m respectively. 
The value obtained for the side-on pressure was similar to that measured. There are some 
differences in response of large scale tests in Woomera and close ranged medium scale 
tests in ESTC. In Woomera, the whole front face is subjected to the same uniform blast 
wave pressure, which implies that the sides and roof of the wall will be subjected to the 
same incident pressure as the front face, whereas for ETSC2004, there was a significant 
non-uniformity from the front face to the side face.  
 
(ii) RSW3 in Blast 1 
The results for RSW3-PH (dynamic air pressure) and PS (side-on pressure) are shown in 
Figure 4.47. RSW3-PH gave a peak value of 200 kPa which was significantly lower than 
449 kPa for RSW3-FF (front face pressure). This is expected as the dynamic air pressure 
is lower than the reflected pressure measured in FF.  
Chapter 4 ETSC2004 Results & Discussions 
142 
For the case of RSW3-PS (side-on), the peak was 56 kPa. Thus the side of RSW3 is 
subjected only to around 12% of the front face pressure. This is again evidenced by the 
undamaged sides of RSW3. In this case, the pressure of 56kPa measured by PS can be 
taken as the front face incident pressure as it was at similar distance. Thus the incident 
front face pressure is only around 12% of the front face pressure. Comparing this with 
CONWEP incident pressure value of 114 kPa, the measured value is much lower. This 
shows a similar trend to all previous measured pressure values being lower than the 
CONWEP values. This shows that CONWEP constantly overestimates the pressure 
values. 
 
(iii) RSW9 in Blast 1 
For RSW9, very high values of 967 kPa at 63.5ms and 632 kPa at 63.4ms were recorded 
for RSW9-PH (dynamic air pressure) and RSW9-PS (side-on pressure) respectively. 
Unexpectedly, these values were very high and much higher then the CONWEP values. 
This could be due to the fact that RSW9 was placed beside RSW3 (Figure 3.5) and this 
could result in a slight channeling effect in the blast wave. The PS and PH sensors were 
placed in between RSW3 and RSW9. Part of the blast wave hitting RSW3 could have 
been reflected back onto the side of RSW9 resulting in high values for PH and PS. 
However these high values are not supported by the visual observations as the sides of 
RSW9 were only minimally damaged after Blast 1 (Figure 4.18). 
 
Generally, the dynamic air pressures measured (PH) were lower than the front face 
pressures (FF) for the walls. Also the side pressures (PS) were lower than the front face 
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pressures (FF) and dynamic air pressures (PH), which is expected since all the sides of 
the walls were minimally damaged during the blast. However for RSW9-PH, the peak 
was unexpectedly higher than 545 kPa measured for RSW9-FF. This was different from 
the results for RSW3-PH and FF. The peak value recorded by RSW9-PS of 632 kPa at 
63.4ms was also higher than 545 kPa 
 
(e) Strain Gauges (SG) in Blast 1 
(i) RSW1 in Blast 1 
For the RSW1 strain gauges (SGs) as recorded by ST Kinetics during the blast, only 
RSW1-S2 had readings. This was highly unexpected as prior to the blast, all the strain 
gauges in RSW1 were working well as evidenced by the numerous readings taken by a 
portable strain meter over the past few months as shown in Figure 4.10. However, 
RSW1-S2 did not give any logical values. 
 
(ii) RSW3 in Blast 1 
For RSW3, only 2 of the strain gauges out of the 10 installed registered readings as 
shown in Figure 4.50. The results were more logical compared to RSW1-S2. For both S7 
and S9, there was a noticeable compression phase before the geotextile experienced 
tension. When the blast wave hits the wall, the wall is ‘pushed’ inwards. This results in 
the geotextile layers in-between to experience compression. After the blast wave passes, 
the soil deforms outwards causing tension to develop in the geotextile. In the case of S7, 
the peak was cut off due to the value exceeding the pre-set range of measurement. As 
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expected S9 experiences lower strain at 4828 μe (0.5% strain) as it is further away from 
the blast.. 
 
(iii) RSW9 in Blast 1 
For RSW9, the strain gauges (S1, S3 and S5) had obvious compression and tension 
phases like RSW3-S7 and S9. Generally the strain recorded by the strain gauges in RSW9 
is lower than RSW3. This shows that while RSW3 is further from the blast, RSW9 seems 
to be more ‘rigid’. This shows again that Geocell wall (RSW9) does not deform as much 
as PEC100 wall due to its higher rigidity.  
 
(f) Pore Pressure Transducers (PPT) in Blast 1 
For the pore pressure cells of RSW1 and RSW3 (Figure 4.53), the results were a bit 
irregular. This could be due to the soil being not perfectly saturated near the sensors. 
 
4.6 Results of Blast Event 2 
 
The bare charge of 110 kg for Blast 2 was placed at 2 m in front of RSW9 (scaled 
distance Z of 0.42). The plan view is shown in Figure 4.53. RSW1 is at approximately 
9.3m from Blast 2 charge (scaled distance of 1.93). This is measured from the centerline 
of the wall to the charge. RSW1 is actually placed obliquely to the charge (i.e. the sides 
of the wall are not at the same distance as the center of the wall is to the charge). The 
centerline distance will be considered in the analysis as the instruments were placed along 
or near it. RSW3 was positioned at a distance of 11.5m (scaled distance of 2.40) from 
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Blast 2 charge. Its position was in the same region as RSW1. This section will discuss 
various sensor responses in the same order as in Section 4.5 for Blast 1. In addition 
comparisons between Blast 1 and 2 will be made. 
 
4.6.1 Physical Damage of RS Walls in Blast 2 
 
4.6.1.1 Wall RSW9 in Blast 2 
Due to close proximity of the charge, the front facing of RSW9 was severely damaged. 
This is shown in Figure 4.54. The 1st to 2nd cell in the front face was completely blown 
away or melted with pieces of Geocell being scattered throughout the test site (some were 
thrown further than 40 m). Due to the damage of the cells, most of the soil has fallen out. 
The close up of the front face damage is shown Figure 4.55. The Geocell was again 
observed to become much more brittle as compared to before the blast. This is due to the 
very high temperatures generated by the charge which burnt and melted the Geocell. The 
temperature experienced by the front face of RSW9 is expected to be much higher than 
temperature experienced by RSW1 front face during Blast 1 due to the much closer 
distance of 2m between the Blast 2 charge and RSW9. The fact that the properties of the 
Geocell changed drastically implies that the high temperatures existed. However, the 
fireball was not long enough to completely melt the Geocell material. For Blast 2, the 
front face of RSW9 was thus more severely damaged compared to RSW1 in Blast 1. 
Firstly Geocell (RSW9) is much more rigid and brittle compared to PEC100 (RSW1). 
Secondly, the charge is placed much more closer in Blast 2 (2m) than in Blast 1 (4m). 
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Most importantly, the melting point of Geocell at only 130°C is lower than that of 160°C 
for PEC100. 
 
Again there was a slight indentation in the front face of RSW9. This is similar to RSW1 
during Blast 1 and shows again a localized compressive blast pressure near the bottom of 
the wall. This further shows the localized effects of a medium scaled blast as opposed to a 
globalized effect in large scaled blasts (He et al., 2003). Another major observation is that 
the wall is obviously tilted with the top few layers deforming much more (Figure 4.56). 
This appears to be in contradiction of the localized blast pressure which implies that the 
top of the wall experiences lower blast pressure. However this is not true because the top 
layers do not have so much surcharge acting on them. Therefore they are much more 
easily deformed compared to the bottom layers although the top layers experienced much 
lower blast wave pressure than the bottom layers. This observation of the tilting of RSW9 
will be further verified using the surveying results in Section 4.8.3 later. The resulting 
crater due to the charge, measures 3.80 m in diameter and 1.26 m in depth which is 
similar in range with Blast 1. The front face indentation on RSW9 was measured and it 
was estimated to have the shape of around 2/15 of a hemisphere and a shape of 2/3 of a 
circle (Figure 4.16). The radius was around 0.75m and the depth of the indentation was 
around 0.1m. Due to the tilting of the wall, the displacement at the top of the front face 
crater is estimated as 0.3m based on the surveying results. There was also a slight upward 
till in the top part of the wall in both the actual and modeled RSW9. This volume of the 
front face indentation/crater formed will be used as the basis for the design charts for RS 
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walls subjected to close ranged medium scale blasts. This will be presented in later 
sections Chapter 8, Design Charts.  
 
Another main observation was the relatively high number of debris from RSW9 produced 
during the blast compared to normal geotextile walls where no debris was produced 
(Blast 1). Many pieces of burnt Geocell were found spread around the blast including the 
crater (Figure 4.57). These geocell pieces could cause injuries to personnel. However 
Geocell still produces much softer debris compared to concrete or steel structures. 
 
4.6.1.2 Walls RSW1 and RSW3 in Blast 2 
RSW1 and RSW3 were more significantly damaged by Blast 2 compared to RSW3 and 
RSW9 by Blast 1. They are shown respectively in Figures 4.58 and 4.59. As can be seen, 
RSW1 was quite severely burnt by Blast 2. The front and side facings (nearer to the blast) 
PEC100 were almost completely burnt off and in most places only the PET yarns of 
PEC100 remained with the non-woven polypropylene base burnt off. However the other 
side face further from the blast suffered minimal damage. This shows the huge reduction 
in temperature as the distance from the blast increases and the extent of the fireball 
generated by the blast. The fireball size generated is estimated to be around 5 to 7 m 
based on the extent of damage on the side face of RSW1. The back facing of RSW1 was 
again undamaged. 
 
For RSW3, the damage was not as severe as RSW1. This was because RSW3 was at a 
further scaled distance of 2.40 (measured from center of each wall to blast) than RSW1 
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scaled distance of 1.93). Furthermore, RSW1 was already weakened due to Blast 1 and 
therefore was more easily damaged compared to RSW3. The sides and back facings were 
undamaged. The main area of damage in RSW3 was the center part of the front facing. 
The PEC100 in the areas around where the accelerometer is broken and soil has fallen 
out. The front facing is also showing some wear and tear and burnt marks. The big hole at 
the center of RSW3 could be caused by a piece of Geocell hitting it. The sides and back 
facings of RSW3 were undamaged. Figure 4.60 shows the undamaged right side of 
RSW3. 
 
4.6.2 Instrumentation Readings for Blast 2 
 
As before, instrumentation readings were taken during the blast. In addition to analyzing 
the Blast 2 results, comparisons will be made with the Blast 1 test results. RSW9 will be 
discussed first as it is closet to the charge. RSW1 and then RSW3 will be discussed. 
 
(a) Accelerometers (ACM) in Blast 2 
(i) RSW9 in Blast 2 
Unfortunately, the ACM readings for RSW9 and RSW1 did not give very good results 
and will not be presented. Only RSW9-A2 obtained a peak value of 108m/s2. This value 
of 108m/s2for RSW9-A2 was low compared to the peak value of RSW1-A2 at 354m/s2 
for Blast 1. This again shows the small amount of deformation of Geocell wall (RSW9) 
compared to PEC100 wall (RSW1 and RSW3). Although the Blast 2 charge of 110 kg 
was placed nearer to RSW9 at 2 m (scaled distance of 0.42 only) compared to the Blast 1 
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charge placed at 4 m away from RSW1 (scaled distance of 0.8), the geocell wall gave 
lower acceleration because the Geocell elements become harder and more rigid due to the 
high temperatures. This seems to suggest that at closer range, Geocell walls might be able 
to absorb blasts better than geotextile walls. This is very different from Blast 1 where 
RSW9 (Geocell wall) placed at Z=2.0, showed lower shock absorption than RSW1 
(Z=0.8).. This phenomenon will be investigated using other instrumentations. 
 
(ii) RSW3 in Blast 2 
For the RSW3 ACMs (Figures 4.61 and 4.62), all the values were obviously higher than 
the values recorded for the RSW3’s ACMs during Blast 1 (Z=3.0) due to the closer 
distance of Blast 2 charge (Z=2.0). A reduction of 92% (3106m/s2 to 243m/s2) occurred 
after the wave passes through RSW3. The front face velocity and displacement for 
RSW3-A1 are shown in Figures 4.63(a) and 4.63(b). As seen, a very small front face 
velocity of 0.24m/s and a permanent displacement of 1.6mm occurred for Blast 2. This is 
consistent with the physical observations. This front face to back face pressure reduction 
of 92% for RSW3 in Blast 2 (Z=2.0) is between the 97% reduction for RSW1 (Z = 0.8) 
and 83% for RSW3 (Z = 3.0) in Blast 1. This drop in effectiveness with increasing scaled 
distance is more clearly illustrated in graphical form in Figure 4.64. 
 
(b) Face-On Pressure Cells (FOPC) in Blast 2 
(i) RSW9 in Blast 2 
RSW9-FB (back face pressure) in Figure 4.65, recorded a peak value of 50 kPa at 101.2 
ms. The peak impulse for RSW9-FB was 0.46 kPa.s (Figure 4.66). Comparing RSW9-
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FB’s value to RSW1-FB’s value of 115 kPa at 69.6ms (Impulse of 1 kPa.s) in Blast 1, 
this is a very low peak value. Although RSW9 deformed less compared to PEC100 walls, 
the effect of arching in RSW9 (due to the very small actual distance between RSW9 and 
the Blast 2 charge) results in the soil inside the wall having higher confining forces. This 
overshadows the fact that Geocell is more rigid than PEC100 (as explained in Section 
4.4.3) and results in Geocell being able to impede the shock wave better than PEC100 in 
this blast. This arching effect is more pronounced in Geocell wall than PEC100 wall as in 
Geocell walls, the soil are confined in small 3D cells and thus are more compacted. This 
arching effect also occurs in Blast 1 but is more significant in Blast 2 as the Blast 2 
charge was placed much nearer to RSW9 (2m) compared to Blast 1 charge to RSW1 
(4m). This is very different from the trends explained in Section 4.4.3(b) & (c). Thus it is 
deduced at closer charge distance, the effect of the arching results in better shock 
absorption in Geocell. 
 
(ii) RSW1 in Blast 2 
RSW1-FB recorded a very back face high peak value of 2671 kPa at 89 ms as shown in 
Figure 4.67. There was also an obvious compression and tension phase. This is 
exceedingly high compared to the RSW1-FB peak value of only 115 kPa during Blast 1 
even though in Blast 1, RSW1 was placed at Z=0.8, while RSW1 was at Z=2.0 in Blast 2. 
However the back face of RSW1 was largely undamaged after Blast 2. The main reason 
could be due to the oblique position of RSW1 with respect to Blast 2 charge (see Figure 
4.68). Most of the blast wave deflected from the left side of RSW1 traveled along the 
back face. Figure 4.67 also includes the probable trajectory of the blast waves from the 
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Blast 2 charge. Comparatively, in Blast 1, the blast was placed directly in front and 
perpendicularly to the front face. 
 
(iii) RSW3 in Blast 2 
For RSW3, this is a front face pressure to back face pressure reduction of over 98% 
across the wall (1678kPa to 30kPa) which was very high (Figure 4.69). The back pressure 
was further reduced to only 7 kPa for B-FB (as in Figure 4.70) which shows that the back 
pressure does not affect the trench. This once again shows the protective qualities of the 
trench. The peak impulse (Figure 4.71) for RSW3-FF, FB and B-FB were 2.14 kPa.s, 
0.33 kPa.s and 0.10 kPa.s respectively. This is a reduction of 85% and 95% for RSW3 
back face pressure and trench pressure respectively from the front face readings. Again 
the blast wave was exerting pressure in an oblique fashion to RSW3. The blast wave hits 
RSW3 front face at an angle and due to this, the portion of the wave that spills over to the 
back face is reduced, resulting in a lower reading for FB.  
 
(c) Total Pressure Cells (TPC) in Blast 2 
(i) RSW9 in Blast 2 
For the RSW9 TPCs, the results are shown in Figures 4.72 to 4.74.  Since the front face 
pressure was not measured, it has to be estimated based on the constant ratio of measured 
front face pressure over the CONWEP value between Blast 1 and Blast 2. . A ratio of 
0.778 was obtained from the RSW1-FF peak value of 6539kPa in Blast 1 divided by the 
CONWEP equivalent uniform peak pressure of 8405kPa. An estimated RSW9-FF value 
Chapter 4 ETSC2004 Results & Discussions 
152 
of 17,038kPa was thus obtained from the equivalent uniform peak pressure for RSW9 in 
Blast 2 (Table 4.2) of 21,900kPa multiplied by a factor of 0.778. 
 
For RSW9-T1, a peak value of 4596 kPa was obtained. This however was not the actual 
peak value as the signal was cut off due to the incorrect range set for T1. The vertical 
pressure variation along the front face of RSW9 (using the values for RSW9-T1, T2 and 
T6) is very distinct as shown in Figure 4.75. The pressure reduces by almost 70% 
(RSW9-T2 at height=1.8m) and 80 % (RSW9-T6 at height=2.4m) compared to RSW9-
T1. This vertical pressure variation in Blast 2 was much more pronounced compared to 
RSW9 in Blast 1 (Figure 4.44). This again shows that with the charge placed so near to 
the wall, the front face does not experienced a uniform blast pressure. This is evidenced 
by the slight indentation in the bottom front section of RSW9 as shown in Figure 4.54 
and Section 4.5.1.1.  
 
For the horizontal pressure variation, the pressure reduced from 17,038 kPa (FF) to 1486 
kPa (0.5m into wall, RSW9-T2). This is a reduction of almost 91%. The horizontal 
pressure is finally reduced to 50 kPa (RSW9-FB) at the back face. This horizontal 
variation is shown in Figure 4.76. Similar to Blast 1, RSW9-FB (back face) is very low. 
This value of 50 kPa was very close to the value of 55 kPa for RSW9-FB in Blast 1 
although the charge was much nearer at 2m (0.42) compared to 9.58m (k=2) in Blast 1.  
 
This seems to suggest that in close range blasts, the back air pressure is lower than the 
soil pressure at the back of the wall. Comparing the responses of RS walls subjected to 
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large scale blasts and close ranged medium scale blasts, the peak back air pressure was 
higher in value compared to the soil pressure at the back of the RS wall in large scale 
blasts in Woomera 2002 and 2004 (He, 2009).  
 
As shown in Figure 4.76, the pressure reduction of 91% was found between FF and T2 
for RSW9 in Blast 2. This was slightly higher compared to 72% for RSW1 in Blast 1. 
This again shows the higher effectiveness of Geocell wall (RSW9) compared to PEC100 
wall (RSW1) due to the stronger arching effect of the geocell wall. This arching effect is 
obvious due to the charge being much more nearer. The horizontal pressure reduction 
across RSW9 in Blast 2 (Figure 4.76) was also very significant and much faster than 
PEC100 wall (RSW1 in Blast 1 – Figure 4.35). 
 
(ii) RSW1 in Blast 2 
For the RSW1 TPCs, most of them recorded very erratic and unstable readings (Figures 
4.77 to 4.78). The reduction in pressure as the wave travels through the wall is again 
evident.  Since RSW1-FF did not wield any good results and the FB value was 
unexpectedly high, it was not possible to get the full profile and percentage reduction 
across the wall. In addition, the value of RSW1-FF could not be estimated accurately like 
RSW9-FF as RSW1 was placed obliquely to Blast 2 and this method of estimation will be 
inaccurate. Looking at RSW1-T1, a peak value of more than 433 kPa was recorded, 
which is higher than T2 although they were placed in a vertical line. This again shows 
that the blast wave hitting the front face of the walls is not uniform due to the close 
distance of the charge.  
Chapter 4 ETSC2004 Results & Discussions 
154 
(iii) RSW3 in Blast 2 
For the TPCs in RSW3, the variation of soil pressure along the wall (T1 to T5) is shown 
in Figures 4.79 and 4.80. Figure 4.81 shows the TPCs buried below the ground level. The 
FF peak pressure of 1678 kPa was reduced by almost 80% to 349 kPa (0.5 m into wall, 
RSW3-T1) as shown in Figure 4.82. Figure 4.81 also shows that there is only a slight 
reduction of 26% from the front to the back at elevation of 0.5m below ground level. The 
horizontal pressure reduction rate for RSW3 in Blast 2 (Figure 4.82) was higher than all 
the walls in Blast 1. Even RSW1, which was at Z= 0.8 in Blast 1, showed only a 
reduction of around 72%. This phenomenon can again be attributed to the slanted 
position of RSW3.  
 
(d) Dynamic Air & Side-On Pressure Cells (DAPC & SOPC) in Blast 2 
(i) RSW9 in Blast 2 
For RSW9 (Figure 4.83), peaks of 3837 kPa and 3325 kPa were recorded for RSW9-PH 
and PS respectively. However the side facings of RSW9 were undamaged despite the 
very high value for PS. This shows the durability of Geocell. Moreover the extensive 
damage in the front face is a combination of the huge blast pressure and the extreme 
temperatures. The melting of the Geocell weakens the wall. In the side facings, the 
temperature was lower and hence there was less damage compared to RSW1 (PEC100 
wall) in Blast 1, where the side facings were slightly more damaged even though the 
charge was further away. 
 
Chapter 4 ETSC2004 Results & Discussions 
155 
As before, due to the closeness of Blast 2 to RSW9, the distance from the blast center to 
RSW9-PS was 4.47m. CONWEP gave incident pressure values of 1567kPa for distance 
of 4.47m. The measured peak value of RSW9-PS is higher than the CONWEP predicted 
value. This is opposite from previous cases in Blast 1 where the CONWEP values 
overestimate the incident pressure values.  
 
(ii) RSW1 in Blast 2 
Looking next at RSW1 readings (Figure 4.84), both RSW1-PH and RSW1-PS recorded 
very high peak values of 3417kPa and 3636 kPa. Due to the positioning of these two 
sensors with respect to Blast 2 (see insert in Figure 4.84), the blast wave hits the left side 
face of RSW1 directly resulting in RSW1-PH and PS also measuring the reflected 
pressure from the side face in addition to the dynamic air pressure and side on pressure. 
This also verifies the postulated blast wave travel pattern and the severe damage of the 
left side of RSW1 (as observed in Figure 4.58 and explained in Section 4.5.1.2). The PS 
value of 3636 kPa was also higher than 2671 kPa recorded by RSW1-FB. This shows that 
only part of the blast wave hitting the left side of RSW1 was deflected to the back facing.  
 
(iii) RSW3 in Blast 2 
The results for RSW3-PH and PS are shown in Figure 4.85 with peak values of 1213 kPa 
and 199 kPa. The side pressure (PS) was very low (only 12% of the peak of 1678 kPa 
measured by RSW3-FF), which explains the undamaged right side of RSW3 after blast 2. 
Comparatively, the front face of RSW3 was more severely damaged (Figure 4.60). This 
trend is similar to RSW1 and RSW3 for Blast 1 (Section 4.5.1.2) where the front face is 
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more severely damaged while the side facing were completely intact. The value of 199 
kPa for RSW3-PS is much lower than 3636 kPa recorded by RSW1-PS. This is correct as 
RSW3 was further away from Blast 2 charge and the position of RSW3 does not allow 
the blast wave to directly hit the side face like RSW1. Looking at the CONWEP value of 
287kPa for a distance of 9.54m for RSW3-PS from Blast 2, the measured value is lower. 
This is consistent with the trends observed in Blast 1 where CONWEP overestimates the 
incident pressure. All PH sensors for all walls recorded much higher readings compared 
to the CONWEP values, this could be due to the incorrect mounting of the sensor as 
stated previously. 
 
(e) Strain Gauges (SG) in Blast 2 
(i) RSW9 in Blast 2 
Strain gauges readings were plotted in Figure 4.86 for strain gauges S3 and S5. RSW9-S3 
and S5 experienced some compression before tension. The strain values were also quite 
low in the range from -0.65% to 0.24%.  
 
(ii) RSW3 in Blast 2 
For Blast 2, RSW3-S7 experienced higher maximum strain of 0.51% while S9 only had a 
maximum strain of 0.37% because S7 was positioned in front of S9 and was nearer to the 
blast thus it will be subjected to a higher blast wave pressure. Despite RSW9 being much 
closer to the blast compared to RSW3, the strain experienced by the geotextile was 
around the same range for both walls. The obvious compression and tension phases again 
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verify the fact that during a blast, RS walls are first compressed by the blast wave before 
the pressure is dissipated.  
 
(f) Pore Pressure Transducers (PPT) in Blast 2 
Last of all looking at the PPT results for RSW1 and RSW3 as shown in Figure 4.90, both 
results were quite erratic and irregular.  
 
4.6.3 Remarks on Blast Event 2 
 
Based on the above observations and results, it was further evidenced that close range 
blast charges resulted in a localized effect on RS walls. This localized effect (slight 
indentations in bottom parts of the front faces of RSW1 and RSW9 during Blast 1 and 2 
respectively) becomes more pronounced as the charge is placed closer to the wall. The 
non-uniform pressure acting on the front face of the wall will be more obvious. This is 
further supported by the instrumentation results obtained for RSW9 during Blast 2.  
 
Moreover, the response of a Geocell wall (RSW9) was observed to be different from a 
conventional geotextile (PEC100) wall (RSW1) when subjected to blast loading in close 
range. This is due to the lower melting point of Geocell and its higher stiffness after being 
heated. These differences in response have been supported by various instrumentation 
readings such as higher horizontal pressure reduction across RSW9 in Blast 2 compared 
to RSW1 in Blast 1. The arching effect of the Geocell walls overcomes the higher 
stiffness compared to conventional geotextile walls at closer range. In Blast 1, the 
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reduction in pressure across RSW9 (Z=2) was less significant than RSW1 (Z=0.8). The 
higher stiffness of Geocell resulted in it being able to deform less resulting in lower blast 
wave absorption. However when the blast is closer, i.e. Z < 1 (in Blast 2, RSW9 was at 
scaled distance of 0.42), the arching effect governs and the stiffer cells of geocell in 
RSW9, due to the better confinement from the Geocells, results in better pressure 
absorption. 
 
Finally, it was observed that by placing the walls obliquely to the charge, the damage on 
the walls is irregular and more erratic as evidenced by the physical observations of RSW1 
and RSW3 in Blast 2. This again supported by the instrumentation readings. The side on 
pressure measured for RSW1-PS and the back pressure of RSW1-FB were extremely 
high given the distance due to the blast wave hitting the left side of RSW1 directly. 
 
4.7 Results of Blast Event 3 
 
Blast 3 was slightly different from the previous 2 blasts because the charge comes in the 
form of a MK82 bomb which was mounted on a wooden frame 1 m in front of RSW3 
(scaled distance of 0.21). This was much nearer compared to the other 2 blasts.  It has an 
equivalent TNT weight of 110.2kg which is similar to the TNT bare charges used in Blast 
1 and 2. This TNT equivalent weight is to account for the energy/pressure losses at the 
ends of the bomb casing. The actual weight of MK82 is around 240.9kg. The technical 
specifications of MK82 are stated in Table 4.3. The difference in shape of the explosive 
affects the peak pressure and amount of energy inflicted on the walls significantly 
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(Seebass, 1993). Thus the damage resulting from this blast is expected to be different 
from the previous 2 blasts. Moreover the fragments resulting from the metal bomb casing 
during the blast is expected to cause substantial damage thru the sharp debris formed. 
This will be used to analyze how well RS walls can impede sharp debris so as to prevent 
damage to the surroundings.  
 
Figure 4.89 shows the positioning of the MK82 bomb for Blast 3. It was mounted on a 
wooden frame so that the tip was facing upwards. The height of the bomb was measured 
and found to be 1.5m. The charge was placed at 1m in front of RSW3 as shown in Figure 
4.90. RSW1 was positioned at 17.4m (scaled distance of 3.63) away from Blast 3. This is 
quite far away and it is expected that RSW1 will not suffer any significant damage from 
the blast. RSW9 was much nearer to the blast than RSW1 at 10.9m (scaled distance of 
2.28). The blast wave hits RSW9 at a high oblique angle.  
 
4.7.1 Physical Damage of RS Walls  in Blast 3 
 
4.7.1.1 Wall RSW3 in Blast 3 
RSW3 was the most severely damaged due to its closest proximity to the blast. Figures 
4.91 and 4.92 show RSW3 after Blast 3. Due to the damaging properties of MK82, the 
front face of RSW3 has completely collapsed which is very different from RSW1 in Blast 
1. This severe damage was because the MK82 bomb was placed at only 1 m away from 
the front face. Due to the shape of the bomb and the fact it was placed upright on a 
wooden frame, the center of gravity of the bomb was around 0.8 m height. The bomb 
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exploded outwards resulting in the deformed shape of RSW3. In addition the wall was 
severely tilted and displaced from its original vertical position by more than 1 m at the 
top. The top view of RSW3 also showed that the whole front section was caved in (Figure 
4.93). 
 
However RSW3 was similar to RSW1 in Blast 1 in that again the blast wave was mainly 
concentrated in the center section of the wall. The sides were still generally intact. Thus 
again the blast is localized.  
 
Looking at the back profile of RSW3 as shown in Figure 4.92, it can be seen that the top 
2 layers of soil has collapsed with the soil sliding out. This shows how powerful and 
damaging the cased bomb is compared to a bare charge. Despite the fact that the wall was 
highly tilted and deformed, the 1 m width and 1.75 m deep trench still survived (Figure 
4.94). This shows that the wall will be effective in shielding the blast from causing 
damage to equipment or things placed in the trench. Metal debris from the casing of 
MK82 was found throughout the site except for the back of RSW3 which shows RSW3 
was effective in impeding sharp debris found from the MK82. In this case, it was not 
possible to measure the crater dimensions as it was already covered with soil from the 
collapse of RSW3. The crater actually forms part of the deformed shape of RSW3.  
 
The failure of RSW3 was still localized and the crater that was formed at the center of the 
wall can be estimated as 1/3 of a cylinder shape with a huge deformation of around 1.7m 
at the top section of the wall. This value was obtained from the surveying results which 
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will be presented later in Section 4.8.2. The volume of this crater formed will be used as 
the basis for medium scale closed ranged blasts in Chapter 8. 
 
4.7.1.2 Walls RSW1 and RSW9 in Blast 3 
The front and two side faces of RSW1 were burnt and damaged by Blast 3 as shown in 
Figure 4.95. The PEC100 facing is almost unrecognizable with most of the yarns also 
burnt off. In most places, especially the front face, only the soil is remaining. Some soil 
had fallen out. Due to the compaction and the confining strength of PEC100, most of the 
soil inside the wall is able to stand by itself. Some metal scrape pieces were flung from 
RSW3 and deeply embedded into the front face of RSW1. Again the back face of RSW1 
was not damaged, thereby reconfirming the reduction in blast wave pressure after it 
passes thru the wall. This also shows that RS walls can be used to impede sharp debris 
that might be formed from surrounding concrete or steel structures and cased bombs.  
 
For RSW9 (Figure 4.96), the side nearer to Blast 3 was severely damaged. Some of the 
cells were blown off and the soil had fallen out. The Geocell material at the left side was 
also drastically changed by the high temperature. Figure 4.97 shows the drastic change in 
Geocell properties of the left side compared to the back face. It was much harder and 
rougher in texture than before. It was also more brittle. This is the same as the front 
facing of RSW9 after Blast 2. This implies that the fireball formed by MK82 could be 
large enough to affect the left side of RSW9. The fireball produced could be more than 
7m in diameter. This shows the damaging aspect of the MK82 bomb. More Geocell 
pieces were scattered throughout the test site. All these damage can be attributed to the 
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lower melting point 130°C of the Geocell material and its higher rigidity. Comparatively, 
the other side face of RSW9 was undamaged and the grid lines could still be clearly seen 
(Figure 4.98). The surveying was done for these grid points and will be discussed in 
Section 4.8.3 later. 
 
4.7.2 Instrumentation Readings for Blast 3 
 
Instrumentation readings were taken for this blast. Comparisons will be made with the 
other 2 blasts for a complete view on the response of the RS walls. In this section, RSW3 
will be discussed first as it was placed nearest to the charge and sustained the most 
damage. Note that the number of instruments working during Blast 3 is getting lesser as 
compared to Blast 1 and 2 as some of them have been damaged in the previous two 
blasts. 
 
(a) Accelerometers (ACM) in Blast 3 
(i) RSW3 in Blast 3 
RSW3-A2 gave a peak value of 540m/s2 at 94 ms at the back face, which was very low 
considering how near the charge was, as shown in Figure 4.99. This shows the main bulk 
of the blast force was blocked by RSW3. The acceleration at the back face was highly 
erratic due to the extensive damage of RSW3 from the MK82 bomb. Due to the erratic 
recording of RSW3-A2 after 120ms, the values after 120ms were not considered. Figures 
4.100 and 4.101 show the velocity and displacement of the back face. Despite the low 
acceleration recorded for RSW3-A2, significant values were obtained for the velocity and 
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displacement. At 120ms, a peak velocity of 5.5m/s was obtained. This velocity of 5.5m/s 
was comparable to the 7.8m/s obtained for the front face of RSW1 during Blast 1. This 
shows the impact and intensity of MK82 compared to a bare charge. A reason for a high 
velocity despite a low acceleration was because the positive duration of Blast 3 was very 
long, lasting around 25ms compared to less than 10ms for RSW1-A1 and A2 in Blast 1.  
 
As can be seen from the displacement graph, RSW3 suffers permanent deformation after 
the blast. However the exact value could not be derived due to the erratic readings. This 
will be further investigated using the surveying data in Section 4.9.2 later.  
 
The peak value of 540m/s2 for RSW3-A2 in Blast 3 was higher than 354m/s2 recorded for 
RSW1-A2 in Blast 1 and 164m/s2 recorded for RSW9-A2 in Blast 2. This is expected as 
RSW9 is more rigid than RSW3. Moreover, RSW3 in Blast 3 was much nearer at only 
1m while RSW9 in Blast 2, the distance was 2 m, and RSW1 in Blast 1, the distance was 
4 m. Also RSW3 had a trench and was thus expected to move and deform more during 
the blast compared to RSW1 and RSW9. 
 
(ii) RSW9 in Blast 3 
Figure 4.102 shows the results for RSW9-A2, which registered a peak value of 629m/s2 
which was higher than 164m/s2 registered by RSW9-A2 during Blast 2 where the charge 
was placed directly in front. This was mainly due to the oblique position of RSW9 with 
respect to Blast 2. The bulk of the blast wave actually hits the right side face of RSW9. A 
peak velocity of 1.2m/s and a very small displacement of 5mm were obtained. This is 
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substantiated by the physical observations of RSW9 after blast 3 where the back face was 
undamaged.  
 
(b) Face-On Pressure Cells (FOPC) in Blast 3 
(i) RSW3 in Blast 3 
The back face of RSW3 (FB) displayed 3 peaks instead of 1 in the region of around 38.6 
kPa to 42.5 kPa as shown in Figure 4.103. The peaks were probably due to the metal 
debris penetrating thru RSW3 and affecting the FB sensor. These numerous peaks 
showed the difference between a normal bare charge and a cased bomb. For Blast 1 and 
2, RSW3-FB recorded only one peak value for pressure. The cased bomb produces 
explosion filaments which resulted in more severe damage to a target compared to the 
bare charge. These numerous peaks were only slightly higher than the peaks of 21 kPa for 
RSW3-FB during Blast 1 and 30 kPa during Blast 2. This again shows the protective 
capabilities of RS walls even though the bomb was placed at such close proximity.  
 
For the trench in RSW3, B-FB recorded a low maximum value of 14 kPa which is only 
around 35% of the peak value for RSW3-FB. This verifies the collapse of the wall after 
Blast 3. Once the wall collapses, it covered the trench thereby shielding the facing in the 
trench from experiencing high back pressure. This peak value of 14 kPa was only slightly 
higher than 7 kPa registered during Blast 1 and 2 again emphasizing the effectiveness of 
RS walls in shielding close range blasts. 
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(ii) RSW9 in Blast 3 
A relatively high peak value of 253 kPa at 64.3 ms was obtained for RSW9-FB (back 
face) as shown in Figure 4.104. This is because of the oblique position of RSW9 which 
resulted in the bulk of the blast wave hitting the right side of the wall. This thus in turns 
results in the back face experiencing higher pressure than normal. The front face pressure 
of RSW9 (1693kPa) during Blast 3 was reduced by 85% as the wave travels thru the wall. 
The effectiveness of blast wave shielding in this case was lower than all the previous 
values for FF and FB in all walls. This once again can be attributed to the oblique 
position of RSW9. Some of the blast wave that hits the right side facing was deflected 
and ‘flows’ over onto the back face of RSW9. This blast wave trajectory is similar to the 
Blast 2 wave moving onto the back face of RSW1 (shown in Figure 4.68 previously). 
 
To better compare the intensity of the blast, the impulses were obtained for these RSW3-
FB, B-FB and RSW9-FB and are shown in Figure 4.105. RSW3-FB and RSW9-FB had 
similar peak values of 0.38 and 0.34 kPa.s respectively while RSW3-B-FB had a peak of 
0.07kPa.s. Although RSW9-FB had a much higher peak pressure of over 200kPa 
compared to around 40kPa for RSW3-FB, due to the longer duration of the positive phase 
of the blast wave, a similar impulse was obtained. There was a reduction of around 80% 
in pressure from the back face to the trench. Comparing the RSW3-FB and B-FB results 
to Blast 1 and 2, similar impulse values were obtained, despite the fact that in Blast 1 and 
2, the charge was placed at Z=3.0 and Z=2.40 respectively, compared to Z=0.21 for Blast 
3. This again shows RSW3 was highly effective in shielding the blast pressure and the 
trench suffered minimal damage due to Blast 3.  
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Comparing the impulse value of 0.38kPa.s (Z=0.21) for RSW3-FB during Blast 3 to 
1kPa.s (Z=0.8) for RSW1-FB during Blast 1 and 0.47kPa.s (Z=0.42) for RSW9-FB 
during Blast 2, it was obvious that RSW3-FB obtained the lowest impulse despite being 
the nearest to the charge. This shows the high effectiveness of RS walls as blast 
mitigating barrier. It also verifies that the arching effect becomes more pronounced as 
scale distances decrease. 
 
(c) Total Pressure Cells (TPC) in Blast 3 
(i) RSW3 in Blast 3 
Figures 4.106 to 4.109 show the TPC results for RSW3 in Blast 3. A very high peak of 
5650 kPa was measured by RSW3-T2 (1 m into wall). Since the front face pressure was 
not measured, it has to be estimated based on the constant ratio of measured front face 
pressure over the CONWEP value between Blast 1 and Blast 2. A ratio of 0.778 was 
obtained from the RSW1-FF peak value of 6539kPa in Blast 1 divided by the CONWEP 
equivalent uniform peak pressure of 8405kPa. An estimated RSW3-FF value of 
16,300kPa was thus obtained from the equivalent uniform peak pressure for RSW3 in 
Blast 3 (Table 4.2) of 20,950kPa multiplied by a factor of 0.778. 
 
The reduction trend is shown in Figure 4.110. As seen, the reduction in pressure was still 
very significant although RSW3 was destroyed in the process. This is especially near the 
back of the wall where the pressure reduces by another 10% of the front face reading 
within 0.5m distance of soil. 
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Another interesting observation is the difference in trends and values (Figures 4.107 and 
4.108) for RSW3-T4 (1845 kPa peak) and T5 (1601 kPa). T5 was purposely placed back 
to back with T4 with its face facing the back face aiming to measure the pressure from 
the back of the wall as shown in the insert in Figure 4.107. T5 had a very unique trend 
compared to all the other TPCs with an elevated range of peak values. This sudden 
elevation (of around 1000 kPa) occurred at 81.8ms which was similar to 83.3 ms of the 
peak of T4. This shows that T5 still registers part of the blast wave from the front of the 
wall (only part as T5 value is lower than T4). Also it records the back pressure as seen by 
the peak of 1601 kPa during the sudden elevation at 87.4 ms. This very high value of soil 
pressure maintained from 87ms to 111ms. 
 
For the TPCs placed 0.5m below the ground level, RSW3-B-TPCF (0.5m into wall) and 
TPCB (2.5m into wall), shown in Figure 4.109, recorded very high maximum values of 
5496 kPa and 861 kPa respectively. These were very high compared to the values (all 
below 200 kPa) for the previous 2 blasts. This means a very strong blast wave also passes 
thru the soil below ground. RSW3-B-TPCF’s peak value was almost the same as the 
value for RSW3-T2 (0.5m into wall at 2m height). Although the blast force was so high, 
the trench was largely intact after the blast as seen previously in Figure 4.96.  
 
The peak value of 5450 kPa recorded for RSW3-T2 (1 m into wall) during Blast 3 (1m 
from RSW3) was comparable to 4596 kPa recorded by RSW9-T1 (0.5 m into wall) 
during Blast 2 (2m from RSW9). This shows how much stronger and damaging the Blast 
3 charge was. Even after passing thru 1 m of soil, the blast wave was still in the range of 
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5000 kPa. All the other TPC values in RSW3 during Blast 3 were substantially higher 
than the values recorded by RSW1 during Blast 1 (4m) and RSW9 during Blast 2 (2m) 
for the TPCs placed in the same positions. All this again shows how much more 
damaging the cased bomb is compared to a bare charge.  
 
(ii) RSW1 in Blast 3 
The TPC results for RSW1 in Blast 3 are shown in Figures 4.111 and 4.112. Comparing 
T1 (1083 kPa) and T2 (250kPa) values, which were both at 0.5m into the wall, the 
pressure variation is very large along the vertical face. All these values show that the 
MK82 bomb was much more powerful than the bare charges. Even at such a large scaled 
distance (Z=3.63), the pressures measured were significant and the wall was quite badly 
damaged.  
 
(iii) RSW9 in Blast 3 
For RSW9 (Figures 4.113 to 4.115), most of the TPCs registered readings but all of the 
readings had a lot more fluctuations compared to previous results. This pressure reduction 
of only 58% between FF and T1 (705kPa) is quite low compared to the values obtained in 
Blast 1 and 2. This shows that RSW9 was much less effective in shielding the blast wave 
compared to previous blasts where the range was between 80% to 90%. This was mainly 
due to the oblique position of RSW9 with respect to Blast 3 and higher stiffness of 
RSW9. 
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The vertical pressure variation (T1, T2 and T6), shown in Figure 4.116, was quite narrow 
and not as substantial as that for RSW9 during Blast 2 (Figure 4.75) but still noteworthy. 
The fact that the highest soil pressure of 705kPa for RSW9-T1 was measured at a height 
of 0.85m verifies the center of gravity of the MK82 bomb which was placed upright for 
Blast 3. The horizontal pressure reduction across RSW9 is illustrated in Figure 4.117 and 
is still significant. 
 
(d) Dynamic Air & Side-On Pressure Cells (DAPC & SOPC) in Blast 3 
For RSW3-PS (Figure 4.118), a peak of 961.2 kPa is recorded which is very low 
considering the close proximity of Blast 3 charge. The trend was also not correct. It could 
have been damaged halfway during the blast.  
 
RSW9-PS registered a peak of 622 kPa, as shown in Figure 4.119, which was 37% of the 
front face pressure. RSW9-PS was placed at around 7m beside the MK82 bomb resulting 
in a high side-on pressure. Based on CONWEP, the side on pressure was 584kPa which 
was very close to the measured value. This is evidenced by the serious damage that 
occurred to the left side of the wall.  
 
(e) Strain Gauges (SG) in Blast 3 
For RSW3 SGs (Figure 4.120), there was again a compressive then tension phase and the 
values were surprisingly not higher than the previous blasts ranged within ±5000με 
(0.5%). The strain eventually return to the initial strain before the blast with some 
permanent strain (deformation & stretching). This shows that the geotextile did not reach 
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its ultimate tensile strength and was more than adequate in mitigating the blast. This 
result is consistent with the large scaled trails in Woomera (He, 2009) where the strain of 
the geotextiles also did not reach ultimate values. Finally for RSW9 (Figure 4.121), only 
RSW9-S3 had readings with a low peak value of only 1130 μe compared to the normal 
range of 3000 μe to 5000 μe for PEC100 walls (RSW1 and RSW3 in all 3 blasts). This 
again shows the higher rigidity of Geocell.  
 
(f) Pore Pressure Transducers (PPT) in Blast 3 
For the PPTs (Figure 4.122), results for RSW3-P1 was very good with an obvious peak of 
88 kPa and a drawn out compression phase lasting around 80ms. This is much higher 
than the previous blasts. The trend observed for RSW3-P1 during Blast 3 was different 
from the trends observed in Blast 2 where the compression and tension phases were 
reversed. This could be the blast wave from the cased bomb immediately penetrated 
RSW3 and was so strong that all the soil in the wall (different from Blast 1 and 2) was 
instantaneously compressed, which resulted in positive pore water pressure. As the soil is 
blown away (as evidenced by the physical observations in Section 4.6.1.1 and Figure 
4.91), the soil is literally being ‘pulled apart’. This in turn causes the water present in the 
soil to have an equal and opposite force of pulling the soil in i.e. suction occurs.  
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4.7.3 Remarks for Blast Event 3 
 
It is obvious the response of a RS wall is different when subjected to cased weapons 
versus bare charge, although in this case, the net equivalent TNT weights were both at 
110 kg. The MK82 bomb caused more severe damage compared to the bare charges used 
in Blasts 1 and 2. However the more serious damage could also be caused by the very 
close distance of 1 m between the bomb and RSW3 compared to larger distances of 4 m 
and 2 m in Blast 1 and 2 respectively. 
 
Further evidence of the damaging nature of the cased bomb is seen in the damage 
inflicted on the front face of RSW1 when several metal fragments were lodged into the 
soil. This shows that RS walls can be used to block debris from blasts and offer 
protection to equipment or personnel behind the wall. RSW9 was severely damaged by 
the cased bomb and the Geocell properties were changed drastically by the high 
temperatures generated. 
 
The instrumentation readings further emphasized the differences between the effects of a 
cased bomb and a bare charge. The readings were much more irregular and erratic which 
shows the effects of the metal fragments produced by the cased bomb. Moreover the 
pressures recorded were significantly higher compared to the bare charges used in Blasts 
1 and 2. However, the higher pressures could also be due to the closer distance of the 
bomb to RSW3 (1 m) compared to the other two blasts. 
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4.8 Results of Blast Event 4 
 
Blast 4 was placed at 1 m away from RSW1 (scaled distance of 0.22) with a bare charge 
of 90 kg. Blast 4 was conducted on 31st May 2004, 2 days after Blasts 1 to 3. As stated in 
Table 4.1, no instrumentation readings were taken for this blast as the charge was to be 
placed very near to RSW1 which might damage the sensors. Also no surveying was done. 
For this blast, only RSW1 will be discussed. Figure 4.123 shows RSW1 after the blast. 
RSW1 collapsed after the blast. However it was not as severe as RSW3 in Blast 3. Again 
the front face caved in with most of the soil falling down and burying the crater. However 
comparing to RSW3 in Blast 3, RSW1 was not tilted significantly.  
 
There are many possible reasons for these differences. The main reason could be due to 
the presence of the trench behind RSW3 which weakens RSW3. Furthermore Blast 3 
charge came in the form of MK82 which results in greater damage to RSW3 due to its 
shape. The crater form in RSW1 can be estimated as half a cylinder. The radius of this 
cylinder was measured to be around 1m. 
 
As can be seen, the geotextiles in-between the layers of soil were still intact and 
undamaged. This shows the high durability of the geotextile. The back face of RSW1 was 
still not damaged (Figure 4.124). The soil was only slightly more budging out due to the 
deformation of the wall. The small gap formed is due to the insufficient overlapping of 
the geotextile layers in that section during the construction phase. The gap opened after 
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the blast as the blast wave had pushed the center section of the wall inward thereby 
causing the back face to budge out a little. 
 
4.9 Comparison of Blast 1, 2 & 3 Results in terms of Reduction of Soil Pressure 
 
Based on all the pressure reduction variations across each wall obtained from all 3 blasts, 
Figure 4.125 was plotted to compare the effectiveness of RS walls in blast wave 
mitigation. As seen, all the RS walls were highly effective in reducing the blast pressure 
by at least 40% within the first 0.5m of soil regardless of distance and type of RS wall. 
The reduction for Blast 3 was also not as significant compared to Blast 1 and 2. This 
again shows the difference in a MK82 bomb and a bare charge. For RSW9, as the charge 
becomes closer, the reduction becomes more significant as seen from the curves for Z = 
0.4 and Z =2.0 and 2.3. Generally for Blast 1 and 2 bare charge, the closer the blast, the 
higher the pressure reduction. This verifies the arching phenomenon discussed 
previously. Overall RSW9 in Blast 2 (Z=0.4) gives the highest pressure reduction rate. 
This shows that at Z<1, the higher stiffness of Geocell and the arching effect produces a 
optimal performance for RS walls. 
 
Looking at the close range blast (Z < 1) in Figure 4.126, it is obvious that RSW9 gives 
the best pressure reduction across the wall. This is due to the higher stiffness of RSW9 
which resulted in a more pronounced arching effect. Thus Geocell walls can provide 
better blast mitigation compared to conventional geotextile RS walls. Thus Geocell walls 
will be further looked into in Woomera 2004 in Chapter 5. Moreover, the closer the bomb 
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the higher the arching effect. However this is not seen in RSW3 in Blast 3. RSW3 did not 
reduce the pressure as significantly mainly because an MK82 bomb was used and the 
characteristic of this bomb is different from a bare charge. The intensity of MK82 was 
much higher and this negates the more pronounced effects of arching effect as the MK82 
bomb was at a scaled distance of only 0.2 from RSW3. Still the pressure reduction was 
still very significant at over 60% in the 1st 1m of soil.  
 
Looking at larger scaled distances (Z>2) (Figure 4.127), it was obvious that RSW9’s 
pressure reduction is not as significant compared to the other walls. This shows that at 
further distances, without the arching effect, the higher stiffness of Geocell resulted in the 
wall being less able to deform and thus resulting in lower shock absorption. Generally for 
geotextile walls, the further the blast, the lower the pressure reduction. This is because the 
blast decreases in intensity further from the point of detonation. When the blast wave hits 
the walls, it was already a very low pressure thus the pressure reduction would not be as 
drastic.  
 
4.10 Comparison of Blast 1, 2 & 3 Results in terms of Surveying of Grid Points 
 
After each blast (Blasts 1 to 3), surveying was done for the grid points sprayed on the RS 
wall facings. This was not done for Blast 4 where most of the grid points were already 
destroyed. The surveying results for all 3 blasts will be discussed together. The results 
will be separated according to the 3 RS walls.  
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Surveying was first done for all walls on 24th May 2004. This was to find out the initial 
deformation due to construction of the walls before the blasts tests. The plotting of the 
surveying points are based on the coordinates system shown in Figure 4.128. Note that 
for each face, the center bottom of the grid is taken as the origin (0,0). The coordinates 
systems for each face are unrelated to the others. The grid points are also labeled 
according to the following system as shown in Figure 4.129. 
 
4.10.1 Wall RSW1 
Figure 4.130 shows the front face deformation of RSW1 before the blast, where the front 
face grid lines are generally vertical and straight. As stated in Section 4.4.1.1, after Blast 
1, the front face was badly burnt. Thus no other readings of the grid lines were done after 
Blast 1. The N versus Z (height) for the front face was also plotted and shown in Figure 
4.131 shows that the front face itself is generally vertical with deformation of less than 4 
cm during the construction phase. 
 
For the left side face, surveying was done after Blast 1 to 3.  Figure 4.132 shows the 
results for all 3 blasts. Due to the limited amount of time after each blast (around one 
hour), for Blasts 1 and 2, not all grid points were surveyed. For Blast 3, although there 
was ample time, the side face was already badly damaged and only some points can be 
seen. Looking at Figure 4.132, it is surprising that after Blast 1, the wall does not deform 
much (only 6 cm inwards). This shows that the wall is sufficiently strong to resist the 
blast pressure even though the blast was placed at Z = 0.8 away from the front face. This 
is consistent with the displacement of around 4.25cm obtained from integrating RSW1-
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A1 in Section 4.4.2(a). Again the localized blast effect is obvious as the mid section of 
the wall is slightly more indented compared to the top of the wall. Even after Blasts 2 and 
3, the front part of the wall deforms by a cumulative total of 11 cm which is only 3.4% of 
the wall height of 3 m. The back section deforms even less with 9 cm.  
 
Looking at the Q versus Z plot of the left side face (Figure 4.133), it can be observed that 
after Blast 1, the wall sags out by around 5 to 10 cm which is consistent with the physical 
on-site observation. This is because the outer parts of the soil are loosened by the blast 
pressures. The side face generally does not sag out much more after Blasts 2 and 3. 
 
4.10.2 Wall RSW3 
For RSW3, surveying was done for the front face before and after Blast 1 and 2. For Blast 
3, as mentioned in the earlier Section 4.6.1.1, RSW3 was very badly damaged so no 
surveying was done after the blast. Figure 4.134 shows the front face results. It is obvious 
that RSW3 does not deform sideways after the blast. The grid lines remained generally 
straight and vertical. For the N versus Z plot in Figure 4.135(b), it is generally observed 
that the wall becomes outward sloping after Blast 1 (as evidenced by Grid lines A and C). 
The bottom layers are pushed inwards by around 8 cm while the top layers deform 
outward by only 4 cm. This is because the blast wave pressure was higher at the bottom 
of the wall. The front face does not deform much after Blast 2 as shown in Figure 
4.135(c).  
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For the side face, surveying was done only for Blast 3 as during Blast 1 and 2, the side 
face does not change much. Figures 4.136 and 4.137 show the results. The results 
obtained were very meaningful. Looking at Figure 4.136, it can be seen that RSW3 
deforms by around 1.70 m backwards after the blast which is very high. The MK82 
charge is powerful enough to push RSW3 back as evidenced by Figures 4.91 and 4.92 
previously. RSW3 also tilted by an angle of 35˚. Even so the trench behind was still 
largely intact. From the Q versus Z plot (Figure 4.137), the wall is also observed to 
deform outwards at the side with the front section (C Grid Line) deforming more than the 
back section (A Grid Line). This is correct as the MK82 bomb first hits RSW3 front face 
and explodes outwards causing the soil to be pushed out. The top layers (Row 1) deforms 
by 40 cm to 53 cm while the middle section (Row 2) deforms the most by 45 cm to 60 
cm. The bottom layers (Row 5) deforms the least by around 15 cm. This implies that the 
main bulk of the pressure from the MK82 bomb hits the wall at around 0.8m (its C.G.). It 
hits the wall and then was ‘forced to slide up’ the wall. The bottom layers were able to 
impede the blast due to the sufficient surcharge but the top few layers were blow away 
and deformed more as evidenced by the higher deformation at around 1.5m to 2m height. 
This is further proven by Figure 4.92 shown previously where the top 2 layers (1 m of 
soil) are blown off. 
 
4.10.3 Wall RSW9 
For RSW9, the front face was surveyed after Blast 1 and 2 while the side face was 
surveyed after all 3 blasts. Looking at Figure 4.138, side translation of RSW9 (right side 
by 9 cm to 15 cm) after Blast 2 is quite significant. After Blast 1, RSW9 does not deform 
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sideways much. The higher side deformation after Blast 2 could be due to higher rigidity 
and stiffness of the Geocell cells compared to PEC100. Also due to the configuration of 
the wall (6 m length by 3m width) and the compartmentalization of the soil in the cells, 
RSW9 has a tendency to deform sideways when subjected to a high front face pressure. 
For the Q versus Z plot (Figure 4.139), after Blast 1, the front face does not deform much 
although it is at Z = 2.0 distance from the charge as shown in Figure 4.139(b). After Blast 
2, the deformation is significant with the top layers deforming the most at 30 cm to 45 cm 
as shown in Figure 4.139(c). As explained in Section 4.5.1.1 previously, the top few 
layers are under less surcharge and therefore more susceptible to the blast pressure. The 
bottom layers deformed by around 25 cm, while the top layers deform by about 40 to 45 
cm. 
 
For the side face of RSW9, surveying was done for all 3 blasts as seen in Figure 4.140(a). 
After Blast 1, RSW9 only deformed by approximately 5 cm, which was not very 
significant. As expected and shown in the previous Figures 4.54 and 4.56, after Blast 2, 
RSW9 deforms much more. The top layers deformed backwards by around 20 cm. This 
again reinforces the results and observations discussed in Section 4.5.1.1. The wall tilts 
by an angle of around 4˚ which tallies with the physical observations. This is significantly 
less than the 30 cm to 45 cm measured from the front face grid as shown in Figure 
4.139(c). However this is expected as the side face grids start at 1 m away from the front 
face and thus will be much smaller. This is more clearly illustrated in Figure 4.140(b). 
Looking at Figure 4.141 (Q versus Z plot), RSW9 also deform outwards at the side after 
Blast 3 with the top layers deforming the most by around 10 cm. The higher deformation 
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of the top layers is again due to the lower surcharge present. The outward deforming is 
probably due to blast pressure acting on the front face and pushing it inwards thereby 
causing the other 3 sides to be pushed out. 
 
4.11 Conclusions on ETSC2004 
 
Through this blast trial, it can be verified that RS walls experienced localized behavior in 
close ranged medium scale blast instead of globalized behavior in far range large scale 
blasts (He, 2009). For this localized behavior, a crater was formed at the bottom of each 
wall after the blasts due to the non-uniform pressure forming at the front face of the wall. 
This is supported by instrumentation data. Another big difference between close range 
medium scale blast and far range large scale blasts is the much lower back pressure as 
compared with the front face pressure obtained for close range blasts. In far range large 
scale blasts, the back pressure obtained was significantly higher (He, 2009). Thus in close 
range blasts, the RS walls were able to impede and absorb most of the blast pressure and 
provide protection for personnel or equipment placed behind the walls. A trench built 
behind one of the walls (RSW3) in close range blast was able to prevent damage inside 
the trench and again shows the protective properties of RS walls.  
 
A new type of RS wall (Geocell – RSW9) was also tested in ETSC2004. The 
performance was different to that of typical geotextile walls (RSW1 and RSW3). The 
construction of this Geocell wall was much faster. It took less than a day for the complete 
erection of the wall, as compared to a typical geotextile wall which requires 3 to 4 days. 
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However more debris was formed during the blast compared to geotextile walls. Also the 
shock absorption was better for Geocell walls in close ranged blasts due to its higher 
rigidity. This new Geocell wall was further studied and subjected to large scale blasts in 
Woomera 2004 and the results will be presented in Chapter 5. This will provide further 
insight into the response of Geocell walls subjected to different types of charge weights 
and distances. This blast trial shows that Geocell wall exhibited different responses 
during blasts compared to Geotextile walls. This is seen in both the physical observations 
and instrumentation readings. 
 
Based on the instrumentation data, all the RS walls were found to be highly successful in 
mitigating the blast pressure with at least 60% pressure reduction in the first 0.5m into the 
wall. By comparing the pressure reduction trends in all blasts, it was found that the 
governing effect in close ranged medium scale blasts was the rigidity of the RS walls and 
the arching effect. The closer the distance between the charge and the RS wall the more 
pronounced the arching effect in soil near the front face will be. For close range (i.e. 
Z<1), stiffer walls will produce better arching effect, thereby resulting in better shock 
absorption. Thus Geocell wall (RSW9) produces the best pressure reduction across the 
wall as its higher stiffness resulted in a more pronounced arching effect.  
 
For further scaled distance range (1<Z<3), a stiffer wall will result in less shock 
absorption than a more flexible wall. This is based on the understanding that the Geocell 
wall at further distances, without the arching effect, its higher stiffness resulted in the 
wall being less able to deform and thus resulting in lower shock absorption. For 
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geotextile walls, generally the further the blast, the lower the pressure reduction. This is 
because the blast decreases in intensity further from the point of detonation. When the 
blast wave hits the walls, it was already a very low pressure thus the pressure reduction 
would not be as drastic.  
 
The surveying results allowed the quantification of the deformation of the walls after the 
blast. Side translation of the front face of the Geocell wall was observed during the blast. 
The surveying results also confirmed the localized effect of close range medium scale 
blasts. 
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Table 4.1: General Characteristics of Blast 








1 4m in front of RSW1 0.83 110 Bare Charge Yes 
2 2m in front of RSW9 0.42 110 Bare Charge Yes 
3 1m in front of RSW3 0.21 110 MK82 Yes 
4 1m in front of RSW1 0.22 90 Bare Charge No 
 
Table 4.2: CONWEP Stimulation for Blasts (using Loading on Structures) 





































110 4 0.83 12870 3669 8405 2.119 68100 3783 3966 
2 Bare 
Charge 
110 2 0.42 54470 3132 21900 4.078 99097 5054 5369 
3 Missile 
(MK82) 
110 1 0.21 169000 2158 20950 4.591 89610 4978 4564 
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Table 4.3: Technical Specifications of MK82 for Blast 3 (from TM5-855-1) 
 
Total Weight (kg) 240.9 
Charge weight (kg) 87.1 
Case weight (kg) 141.1 
Equivalent TNT weight 
(kg) 
110.2 
Assembled length (m) 2.286 
(This includes the fuse 
which is not included in the 
Blast 3, thus for Blast 3, 
estimated height is 1.5m) 
Case diameter (m) 0.2743 
Design fragment weight (g) 18.43 
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Top of the Wall 
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Figure 4.5(a): RSW1 Side 1 Construction Phase Deformation 
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Figure 4.7: RSW3 Back Face Construction Phase Deformation L1 
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Figure 4.19(b): Tensile Test of Geocell Sample using INSTRON Machine 
Clamped at 
both ends 
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around 10%








Figure 4.19(c): Change in Properties of Geocell when subjected to Heat 

























































Figure 4.21(b): Front Face Displacement of RSW1 During Blast 1 
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Figure 4.24: Blast 1 Front Face Acceleration Variation with Distance from Charge 
 
Note: Charge Weight for 













































































































Figure 4.26: Impulse of the Front Face & Back Face Pressure of RSW1 

































































































































Figure 4.29: Impulse for Back Face Pressure of RSW3 
91.0ms, 7.2kPa 
102.3ms, -2.5kPa 


























































































Figure 4.31: Impulse for Front and Back Face of RSW9 
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Figure 4.32(b): Comparison of Blast 1 Front Face Pressure Variation with Distance from 
Charge with CONWEP Values 
Note: Charge Weight for 
all 3 Walls is the same 
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Figure 4.40: Comparison of Pressure Reduction in RSW3 (ETSC2004) to  
RS6 (Woomera 2002) for Z = 30 
Present Study 
He (2009) 
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Figure 4.44: Blast 1 Pressure Variation along Front Face (0.5m into Wall) of RSW9 


























Figure 4.45: Blast 1 Comparison of Pressure Variation Through Wall for All 3 Walls 
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Figure 4.45(a): Improvement of Bearing Capacity & Settlement using Geocell 










































































Figure 4.46: Blast 1 Results for Dynamic Air & Side-On Pressure Cells 








































Figure 4.47: Blast 1 Results for Dynamic Air & Side-On Pressure Cells 



























































Figure 4.48: Blast 1 Results for Dynamic Air & Side-On Pressure Cells 
































































































































































































































Figure 4.54: RSW9 After Blast 2 
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Figure 4.56: RSW9 Side Face After Blast 2 
 













































Figure 4.60: Undamaged Right Side of RSW3 after Blast 2 
RSW3-PH 
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Figure 4.63(b): Displacement of RSW3 Front Face During Blast 2 
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Figure 4.64: Effectiveness of Shielding with Scaled Distance (based on Acceleration) 
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Figure 4.66: Impulse for RSW9-FB during Blast 2 
101.2ms, 49.5kPa 
117.6ms, -31.2kPa 
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Figure 4.67: Blast 2 Results for Face-On Pressure Cells (RSW1-FB)  
 
 
Figure 4.68: Postulated Blast Wave Travel Pattern for Blast 2 
123.3ms, -338.5kPa 
91.7ms, -272.7kPa 
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Figure 4.71: Impulse for RSW3 during Blast 2 
109.5ms, 7.0kPa 
124.4ms, -3.3kPa 
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Figure 4.76: Blast 2 Variation of Blast Pressure Through Wall for RSW9 
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Figure 4.82: Blast 2 Variation of Blast Pressure Through Wall for RSW3 
 






















Figure 4.83: Blast 2 Results for Dynamic Air & Side-On Pressure Cells 




































Figure 4.84: Blast 2 Results for Dynamic Air & Side-On Pressure Cells 















































Figure 4.85: Blast 2 Results for Dynamic Air & Side-On Pressure Cells 

































































































































































































































































Figure 4.92: RSW3 Back Face after Blast 3 
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Figure 4.96: RSW9 After Blast 3 (Left Side) 
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Figure 4.98: RSW9 After Blast 3 (Right Side) 
Grid Lines Still 
Intact 
Back Face – No 
change in Geocell 
properties 
Left Face – Drastic 
changes in Geocell 
properties 
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Figure 4.99: Blast 3 Results for Accelerometers (RSW3-A2) 
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Figure 4.101: Displacement of Back Face of RSW3 during Blast 3  
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Figure 4.104: Blast 3 Results for Face-On Pressure Cells (RSW9-FF and FB) 
 
Figure 4.105: Impulse for RSW3 and RSW9 during Blast 3 
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Zoomed in View 
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Figure 4.110: Blast 3 Variation of Blast Pressure Through Wall for RSW3 
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Figure 4.114: Blast 3 Results for Total Pressure Cells (T3 to T5) for RSW9 
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Figure 4.117: Blast 3 Variation of Blast Pressure Through Wall for RSW9 






























Figure 4.118: Blast 3 Results for Dynamic Air & Side-On Pressure Cells 
(RSW1-PS and RSW3-PS) 
55.5ms, 961.2kPa 
56.6ms, -3338.4kPa 
Time after Triggering (ms) 
72.2ms, 95.4kPa 
92.5ms, -17.6kPa 
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Figure 4.125: Comparison of Blast Pressure Reduction across RS Walls for All Blasts 
 













0 0.5 1 1.5 2 2.5 3















Blast 1 RSW1 (Z=0.8)
Blast 2 RSW9 (Z=0.4)












Figure 4.126: Comparison of Blast Pressure Reduction across RS Walls for All Blasts (Z<1) 
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Figure 4.127: Comparison of Blast Pressure Reduction across RS Walls for All Blasts (Z>2)
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Figure 4.132: Side Face Grid Lines of RSW1 for All Blasts (To Scale in Meters)  
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(b) Difference in Grid Lines and Front Face Deformations 
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Chapter 5 
Geocell Wall subjected to Large Scale Blast 





In order to improve the constructability of RS Walls, especially the rate of construction, 
many alternatives were looked into. One such possible option is Geocell as the facing 
element. To study the potential application of Geocell as an alternative form of 
reinforcement for RS walls, in addition to the Geocell wall (RSW9) tested in Pulau 
Senang in ETSC2004, another Geocell wall was concurrently built and tested in 
Woomera during April and May 2004. The actual test date was 20th May 2004. This will 
serve to provide a better understanding of how Geocell walls response to blast loading. 
Figure 5.1 shows the map of Woomera in Australia. It is around 600 times the size of 
Singapore. This project is a collaboration between DSTA, NUS and the Australia 
ministry of Defence. 
  
5.2 General Configuration and Details of Geocell Walls for Woomera 2004 
 
One geocell wall, labeled as RS4, was subjected to a detonation of 5 ton uncased RDX 
(explosive) at a scaled distance of 2.0. This charge was equivalent to 5,823kg of TNT and 
the actual distance of RS4 from the charge is 36m. Figure 5.2 shows the layout of RS4 on 
site. Note that various other targets were tested in the same blast trial, but they will not be 
 
Chapter 5: Geocell Wall Subjected to Large Scale Blast 
303 
discussed here. RS3 was another geotextile wall tested and the results have been reported 
previously (He, 2009). Some comparisons between RS3 and RS4 will be made later. RS4 
was 2.8m in height, 6.4m in length and 2.8m in width as shown in Figure 5.3. As before, 
RS4 was buried 0.1m in the ground. This is the same dimension as RSW9 in ETSC2004. 
This was done for better comparison of the results. As before, the height chosen was the 
typical practical height of a feasible protective structure built in front of areas such as 
commercial buildings and ammunition storage areas. The length of the wall was set at 
two times the height so as to ensure that the blast wave does not dissipate thru the sides of 
the walls and will be fully stopped by the RS walls. 
 
5.2.1 Materials Used  
 
Geocell consists of expandable, polyethylene, honeycomb-like cellular structures 
interlinked together. It is black in color and comes in sheets measuring 2.82 m by 6.4 m 
when fully expanding. It confines soil in each separate cell and is highly durable. The 
properties and characteristics are shown in Table 5.1. Due to the unavailability of the 
geocell (with a height of 300mm) used in ETSC2004, a geocell of 200mm thickness was 
used instead. Note that the properties of this geocell were the same as the geocell used in 
ETSC2004.  
 
RS4 was built using residual soil from Woomera. Soil samples were collected and the 
properties of the soil tested and obtained in the laboratory. The soil has a unit weight (γ) 
of 18 kN /m3 and an internal friction angle (Φ) of 35˚. The natural moisture content of the 
Chapter 5: Geocell Wall Subjected to Large Scale Blast 
304 
soil was found to be 7.7% (dry days) with an optimal water content of 23.5% and a 
specific gravity of 2.65. This was found using a light compaction test and the results are 
shown in Figure 5.4. For the construction of RS4, water was mixed into the soil to obtain 
a moisture content of 20%. The wet sieve analysis for the soil was also done and the 
results are shown in Figure 5.5. The residual soil consists of 70% silt and clay. it can be 
classified as sandy silty clay. This is slightly different from Pulau Senang soil which 
consists of about 35% sand with around 40% of silt and remaining 20% of clay. Thus the 
soil used in ETSC2004 was slightly more sandy compared to Woomera soil. As before in 
ESTC2004 (Section 3.2.1), compaction of each soil layer during the construction process 
was checked using a soil assessment cone penetrometer. CBR values of 3% to 4% were 
ensured for all layers. This corresponds to a degree of compaction of around 90% as 
summarized in Table 5.1(a). 
 
5.2.2 Static Design for RS Walls 
 
The dimensions for RS4 were based on previous experiences in ETSC98 and Woomera 
2002. As such, only the factors of safety for internal and external stability were checked 
for the walls. The main assumption for the calculations was based on the fact that the RS 
wall was built on competent foundations where bearing capacity failure was not a 
problem. For RS4, the probability of external failure was very low. The width/height ratio 
was within the stable range and the bottom of the wall was buried below ground by 0.1 
m. The Geocell layers were stacked on top of each other with the soil being confined in 
each cell. Since the soil from the upper layer is not totally separated from the bottom 
Chapter 5: Geocell Wall Subjected to Large Scale Blast 
305 
layer, the whole wall is considered as a soil block. Therefore there is no concern about 
pullout failure. The only consideration is rupturing of the seams in between the cells. The 
strength of this joint/seam, σsj is given as 116 kN /m as shown in Table 5.1 previously. 
The most critical layer (i.e. under the most surcharge) is the 1st layer. The horizontal 
pressure experienced by each layer is given by: 
σH = Ka σV = tan2 (45˚ - Φ/2) γ z  (5.1) 
where Ka = active earth pressure coefficient, σV = vertical pressure/ surcharge,  
 
For the 1st layer from the bottom (being the most critical),  







Therefore by force equilibrium  
 
FH= σH t w = 2F1  (5.2) 
 
where  t = height of cell (200mm), w = width of cell (488mm) 
 
Thus F1 = (14.09 x 0.2 x 0.488)/2 = 0.688 kN in 0.3 m thickness. 
Based on the technical specifications of Geocell (Table 3.2), the seam strength is 
116kN/m. Thus the joint strength in each layer (34.8 kN/0.3 m thickness) is larger than 
the force exerted at the joint. Therefore RS4 will not fail by rupture.  Note that the 
200mm
488mm
FH= σH t w 
F1 
F1 
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properties of soil and geosynthetics used are mainly for static loading conditions. Prior 
research conducted in NUS (Ng, 2004) shows that the dynamic and static properties of 
these materials are close to each other.  
 
5.2.3 Construction of RS4 
 
The construction method for RS4 was similar to RSW9 in ESTC2004 and already 
explained in Section 3.3.2 in Chapter 3 previously. There were 14 layers of geocell to 
completed the 3m height. As before, RS4 was completed in approximately 1.5 days. This 
was a significant improvement over 3 days that was needed for a conventional geotextile 
wall with similar dimensions. This is extremely important especially in time of crisis 
where there might be a need to erect temporary protective structures as fast as possible. 
Moreover, the construction process of Geocell walls was much more simpler compared to 
geotextile walls. No specialized labor or carpentry was needed. Only manpower and an 
excavator were needed for the construction. Figure 5.3 shows the completed RS4. 
 
5.2.4 Instrumentations for RS4 
 
Various instruments were used to monitor the response of RS4 during the blast. Three 
types of instruments were installed, namely face on pressure cells (FOPC), 
accelerometers (ACM) and soil pressure cells (TPCs). The full instrumentation plans are 
shown in Figure 5.6. In addition to the instruments installed on RS4, various air pressure 
cells were also installed separately from the wall to measure the incident air pressures at 
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36m. As before in ESTC2004, grid lines were sprayed on the front, back and right side of 
RS4 and surveyed before and after the blast to obtain the deformation (Figure 5.7). This 
was done using several fixed reference points driven around 1m into the ground. They 
were assumed to not move during the blast. The ACMs and FOPCs were monitored at a 
frequency of 100kHz (i.e. 100,000 data points per second) while the TPCs were 
monitored at 15kHz. 
 
The installation of the FOPC and ACM was done by TNO, Netherlands. The method of 
installation was different from those used in ETSC2004. The technical specifications are 
shown in Table 5.2. For the ACMs, the ACM was mounted on a steel metal frame and 
pushed into RS4. The rigid L-shaped metal frame ensures that during the blast, the ACM 
will move together with the wall and thus measure the acceleration accurately. An ACM 
each were installed on the front face (RS4-A1) and back face (RS4-A2). This is shown in 
Figure 5.8. For the FOPC, three of them were installed at the front, back and side of RS4. 
They were mounted on a square metal frame and tied on RS4 (Figure 5.9). RS4-F1 (front) 
will measure the reflected air pressure of the blast while RS4-F2 (back) and RS4-F3 
(side) will measure the incident side on pressure. This is based on the literature review 
done previously where the pressure acting on the side and back face of a wall is 
equivalent to the incident air pressure acting on the front of the wall. This is significantly 
different from ETSC2004 where the back face pressure is not equivalent to the incident 
front face pressure as the actual distance of the charge to the wall is in the same region 
with respect to the dimensions of the wall. 
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The method of installation of the TPCs was similar to ETSC2004 with the TPCs mounted 
on steel plates and buried in a cell. Table 5.3 shows the technical specifications of each of 
the 6 TPCs installed in RS4. No strain gauges were installed this time. 
 
5.3 Physical Observations on RS4 after Blast 
 
RS4 was located at the distance of 36m which is a scaled distance of 2.0. Overall RS4 
performed well during the blast (Figure 5.10). The overall stability was very good. The 
front and back face (Figure 5.11) was largely intact. Only the edges were broken and the 
top layer was more damaged especially the left side of the wall where one long piece of 
geocell had fallen out (Figure 5.12). This shows that the vortices formed by the blast 
wave at the edges and top of RS4 was significant enough to result in damage. Some small 
plastic pieces were broken from the wall and fell around the wall. Some small pieces 
even flew towards the crater. This should be induced by the negative blast pressure. It 
also reveals that the fragility of the geocell material especially in the desert environment. 
Thus it again shows the more significant amount of debris produced by geocell walls 
compared to geotextile walls.  
 
However, comparing to a similar geotextile wall, RS3 placed at the same location and 
distance (Figure 5.12(a)), it can be seen that RS4 was even stronger than RS3 with 
minimal damage (He, 2009). In addition, there were no changes in properties of the 
Geocell. This shows that by the time the blast wave reaches RS4, the temperature has 
dropped below 130ºC. This is vastly different from RSW9 in ETSC2004 (Chapter 4, 
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Section 4.4.1.2) where the geocell properties were drastically changed to become more 
brittle and harder due to the high temperature and fireball produced. This again shows 
that despite a similar scaled distance, once the actual distance of the charge to the wall is 
in the same range as the dimensions of the wall, the effects of the blast is very different. 
In addition, the front face of RSW9, where the 1st row was blown off (Figure 4.18 and 
4.19), was more severely damaged compared to RS4. Again this can be attributed to the 
above reason. All these show the differences in response of a RS wall when subjected to a 
medium scaled blast and a large scaled blast. 
 
5.4 Instrumentation Readings for RS4 
 
The following section discusses the instrumentation results obtained during the blast. 
Comparisons will be made to ETSC2004 results and Woomera 2002 and 2004 results. 
 
(a) Accelerometers (ACM) 
Figure 5.13 shows the readings for RS4-A1 and A2. As seen, RS4-A1 measured a peak 
acceleration of 300m/s2 at 57ms. RS4-A2 did not give any logical results and will be 
disregarded. RS4-A1 recorded a sudden negative acceleration of around 1200m/s2 prior 
to the blast which is not very logical and will not be considered during the integration to 
obtain the velocity and displacement of the front face of RS4. Comparing this to a similar 
geotextile wall, RS3 placed at the same distance to the charge (Figure 5.2), RS3 recorded 
a front face peak acceleration of around 680m/s2. This is more than two times that of 
RS4-A1 which again shows the higher rigidity of geocell walls compared to geotextile 
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walls. Moreover, RS3 was only 2m in width compared to RS4, which was 3m in width. 
This also accounts for the higher rigidity in RS4. 
 
Figures 5.14 and 5.15 show the velocity and displacement of the front face of RS4. A 
maximum peak velocity of 3.63 m/s was obtained while a peak displacement of around 
450mm was obtained.  
 
(b) Face On Air Pressure Cells (FOPC) 
Figures 5.16 to 5.18 show the air pressure measured by RS4-F1, F2 and F3 respectively. 
A front face air pressure (RS4-F1) of 442kPa at 40.7ms was measured. A relatively high 
rear face air pressure (RS4-F2) of 102kPa at 58.6ms was measured. This was only a 
reduction of 77% from the front face readings. Comparing this to a reduction of around 
90% for RSW9 in ESTC2004 (Chapter 4, Section 4.4.2(b)), this was much lower. This 
again shows the difference in medium scaled and large scaled blasts. Even at a scaled 
distance of 2, the minimal arching effect in RSW9 in ETSC2004was still more significant 
then RS4 in Woomera 2004 due to the closer actual distance in RSW9. The fact that the 
actual distance (9.58m) is in the same range as the dimensions of the RS walls results in 
different response in the walls despite the similar scaled distances.  
 
The blast wave takes 17.9ms to move across RS4. The high back face air pressure also 
shows how back pressure is significantly higher in large scale blast compared to medium 
scale blast. The back pressure of RSW9 in ETSC2004 was only 55kPa compared to 
Chapter 5: Geocell Wall Subjected to Large Scale Blast 
311 
102kPa. This is almost double the back pressure. Thus in large scale blast, the blast wave 
travels over the RS wall and exerts significant pressure on the back face. 
 
Comparing the air pressures to RS3, RS3-F1 recorded a front face pressure of 561kPa at 
41ms (He, 2009). This was slightly higher than that of RS4. This could again be due to 
the lower stiffness and smaller width of RS3 which results in higher front face 
acceleration and air pressure.  The back face pressure of RS3 (111kPa at 56.8ms) was 
almost exactly the same as RS4 as the blast wave that travels above the roof of the wall 
will be similar at the same scaled distance. The time of arrival was slightly faster as RS3 
was only 2m in width compared to RS4’s 2.8m in width. The air pressure reduction in 
RS3 was around 80%. This was similar to 77% for RS4.  
 
For the side face pressure, RS4-F3 measured a peak value of 116kPa at 46.9ms. Checking 
with the CONWEP value, the side on pressure for RS4 is 283kPa. Based on the literature 
review (Chapter 2), where the side faces and roof of a wall is subjected to the same 
pressure as the front face incident pressure, CONWEP over-predicts the incident pressure 
by more than two times. This is similar to the results obtained by He (2009) and the side-
on pressures measured in ETSC2004. This is also different from RSW9 in ETSC2004 
(Section 4.4.2(d)) where the side-on pressures were much higher from the CONWEP 
values due to channeling and proximity effects from the surrounding walls.  
 
Figure 5.19 shows the impulse obtained from the air pressure. As seen, a reduction of 
50% occurs between the back (1.48kPa.s) and front face (2.96kPa.s) impulse. This was 
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lower than the pressure reduction of 77% but still significant. An interesting trend 
obtained was that all 3 air pressure cells measured a 2nd peak pressure. There was a 
distinct negative pressure phase after the 1st peak followed by a 2nd peak and a 2nd 
negative pressure phase. These 2nd peaks for all the three air pressure curves were 
between 100ms and 120ms with values of around 10 to 30kPa. Due to this, there were 
two peaks for all the impulse curves. This trend was not observed in the soil pressure 
cells. Thus it can be deduced that this 2nd peak could be due to feedback error in the air 
pressure sensor wires during the blasts and can be ignored. 
 
(c) Soil Pressure Cells (TPC) 
Figure 5.20 shows the soil pressure measured during the blast. The soil pressure peak 
values range from 14kPa to 75kPa. These values are much lower than that measured in 
RSW9 in ETSC2004 which ranges from 79kPa to 334kPa. The lowest soil pressure 
reading in RSW9 is actually higher than the highest soil pressure reading in RS4 despite 
them being at the same scaled distance of 2. This again shows the disparity between 
medium scale and large scale blast. The soil pressures measured in medium scale blast 
was much higher. This again can be attributed to the actual distance of the walls to the 
charge being in the same range as the dimensions of the walls. 
 
Figure 5.21 shows the pressure reduction across RS3 and RS4. The pressure reduction for 
RS4 was still significant with a reduction of over 90% in the 1st 0.65m of soil. The back 
pressure was still pronounced and is higher than RS4-T6 which is placed at 0.65m from 
the back face of RS4. Similarly the back pressure is higher for RS3. Comparing this trend 
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with all the walls in ETSC2004 and it can be seen that for large scale blasts, back 
pressure is much more pronounced (He, 2009) compared to medium scale blasts. This is 
also true for larger scaled distances of 2 and above. Thus RS walls can be used to shield 
personnel and equipment for medium scale blasts while in large scale blasts, the back 
pressure formed can still result in damage to anything placed behind the wall. Due to this 
significant back pressure, there is an effective blast mitigating zone for RS walls in large 
scale blasts (Section 2.7.1) as shown by numerical modeling done previously be He 
(2009). As seen, RS3 had a less significant pressure reduction mainly due to its smaller 
width of 2m. This seems to contradict the postulation in the previous chapter on medium 
scale blast at higher Z values, the higher rigidity of geocell walls results in less shock 
absorption. This suggests that the governing mechanism in large scale and medium scale 
blasts are different. 
 
5.5 Comparing Pressure Reduction Trends for Large Scale & Medium Scale 
Blasts 
 
The pressure reduction for all walls subjected to large scale blasts tested in Woomera at 
scaled distance of 2 were compared and shown in Figure 5.22. The reduction trends for 
these walls were similar with the main reduction in pressure in the first 1m of soil. RS5 
and RS6 in Woomera 2002 and RS4 in Woomera 2004 had similar pressure reduction 
compared to RS3. The main reduction occurred within 1m of the walls. RS5 and RS6 
were re-labeled from RS4 and RS5 (He, 2009) to avoid confusion. In addition for RS5 
and RS6 in Woomera 2002, the back pressure was less significant as the walls were 6m in 
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width instead of 2m and 3m. This shows that for large scale blasts, to reduce the back 
pressure to a sufficiently low value, RS walls of around 6m are needed. This is in contrast 
to medium scaled blasts where a wall of 3m is sufficient to protect any equipment or 
personnel placed behind the wall. Moreover, the rigidity of RS5 and RS6 (Woomera 2002 
– due to higher width of 6m) and RS4 (Woomera 2004 – due to better confinement of 
geocell) was able to absorb the blast wave better than RS3. This governing factor of 
higher rigidity and better absorption in large scale blasts (Woomera) is different from 
medium scale blasts (ETSC2004) where at Z≥2, higher rigidity means lower absorption 
(Chapter 4, Section 4.6.2(c)). 
 
The pressure reductions for the previous medium scale blasts in ETSC2004 were then 
added onto Figure 5.22 with the large scale blasts and shown in Figure 5.23. All these 
walls were placed at scaled distance of 2. For clarity, the dotted curves represent medium 
scale blasts while the full black lines represent large scale blasts. The 3 geocell walls are 
labeled while the rest are RS walls. Generally at Z=2, geocell walls subjected to medium 
scale blasts have lower soil pressure reductions compared to conventional RS walls in 
both medium and large scale blasts. Even RS3 in Woomera 2004 performed better. Thus 
this further verifies the previous postulation that the arching effect was not pronounced 
enough in geocell walls, subjected to medium scaled blasts at greater scaled distances, to 
overcome the higher rigidity of geocell walls (Section 4.5.2(c)(iv)), resulting in lesser 
shock wave absorption. Figure 5.23 also emphasized the substantial back pressure 
measured in large scale blasts as seen in both RS3 and RS4 in Woomera 2004 compared 
to the medium scale blasts. RSW3 in ETSC2004 and RS4 in Woomera 2004 have similar 
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pressure reduction. This implies that for walls with similar dimension [RSW3 in 
ETSC2004 (medium scale blast) & RS4 in Woomera 2004 (large scale blast)], pressure 
reduction in geotextile and geocell walls performed similarly. The higher flexibility of 
RSW3 was able to overcome the arching factor while the higher rigidity of RS4 was able 
to absorb the large scale blast wave. 
 
5.6 Surveying Results for Grids on RS4 
 
Surveying of the grid lines and the four corners of each side draw on the three faces of 
RS4 were done before and after the blast and Figures 5.24 to 5.26. As seen from Figure 
5.24, the front face deformation matches exactly with the physical observations. Due to 
the lower surcharge, the top 2 layers of geocell shifted to the left by around 230mm. The 
front face actually increased in height after the blast as the blast wave pushes the top 2 
layers of geocells up by a maximum of 137mm. This was again evidenced in Figure 5.26 
for the right side of RS4. As expected, the back face deformed less and settled by around 
70mm only. There was also slight side translation of the whole wall to the left as 
evidenced by the grid lines. Looking at Figure 5.26, RS4 deformed backwards by only 
85mm.  
 
Comparing the deformation values (settlement and backward deformation) for the grid 
lines to all the other walls tested in Woomera 2004 (Tables 5.4 and 5.5), it was obvious 
that RS4 deformed the least (He, 2009) due to the higher rigidity of the wall.  
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5.7 Conclusions on Woomera 2004 
 
The geocell wall, RS4 performed well when subjected to a nearly 6 tonne TNT charge at 
scaled distance of 2.0. RS4 deformed as a whole (global mechanism) but much less 
compared to geotextile walls. The overall stability was very good. Only the edges and the 
top layer were more damaged. Again RS4 produces more significant amount of debris 
compared to geotextile walls like RS3, which was tested together with RS4.  
 
This blast trial serves to emphasize the difference in large scale and medium scale blasts 
In ETSC2004 (Chapter 4, Section 4.4.1.2), the geocell properties of RSW9 were 
drastically changed despite a similar scaled distance. In addition, the front face of RSW9 
in medium scale blast was more severely damaged compared to RS4 (large scale blast). 
This means that once the actual distance of the charge to the wall is in the same range as 
the dimensions of the wall, the effects of the blast is very different.  
 
The pressure reduction for RS4 (large scale blast) was very significant with a reduction of 
over 90% in the first 0.65m of soil. This blast trial also serves to emphasize that the back 
pressure in large scale blasts can be relatively large compared to that of medium scale 
blast. This is also true for larger scaled distances of 2 and above. For large scale blasts, to 
reduce the back pressure to a sufficiently low value, RS walls of around 6m width and 3m 
height are needed. This is in contrast to medium scaled blasts where a wall of 3m width 
and 3m height is sufficient to protect any equipment or personnel placed behind the wall. 
Thus RS walls can be used to shield personnel and equipment for medium scale blasts 
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while in large scale blasts, the back pressure formed can still result in damage to anything 
placed behind the wall.  
 
Comparing the pressure reduction trends of all the medium and large scale blasts 
conducted, it was found that in large scale blasts (Woomera), this governing factor of 
higher rigidity and better absorption is different from medium scale blasts (ETSC2004). 
When Z≥2 for medium scale blasts, higher rigidity means lower absorption due to the less 
pronounced arching effect. Generally at Z=2, geocell walls subjected to medium scale 
blasts performed less well compared to conventional RS walls in both medium and large 
scale blasts. 
 
Thus this further verifies the previous postulation that the arching effect was not 
pronounced enough in geocell walls, subjected to medium scaled blasts at greater scaled 
distances, to overcome the higher rigidity of geocell walls (refer to Section 4.5.2(c)(iv)), 
resulting in lesser shock wave absorption. RSW3 in ETSC2004 and RS4 in Woomera 
2004 also had similar pressure reduction. This implies that for walls with similar 
dimension (RSW3 & RS4), geotextile and geocell walls performed similarly. The higher 
flexibility of RSW3 was able to overcome the arching factor in medium scale blast while 
the higher rigidity of RS4 was able to absorb the large scale blast wave. Thus it can be 
concluded that the governing mechanism in large scale and medium scale blasts are 
different.  
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With this blast trial and ETSC2004, it is concluded that Geocell walls responded 
differently compared to geotextile walls due to its higher rigidity and different facing 
materials.  Based on the construction of the Geocell walls, RSW9 and RS4 in ETSC2004 
and Woomera 2004 respectively, it confirmed that Geocell walls can be built significantly 
faster than conventional RS walls. No specialized manpower and equipment was needed 
as the construction process was easier and much less complicated than geotextile walls. A 
geocell wall of similar size can be completed within 1 day compared to a geotextile wall 
of the same size which requires around 3 to days. However there is still room for 
improvement on the constructability of RS walls and will be further explored in the next 
chapter.  
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Table 5.1: Technical Specifications for Geocell used 
Tencate Polyfelt Envirocell MP Perforated MP200-30L (Geocell) 
Product Type 3-D Cellular Confinement System 
Material High UV Resistant Polyetheylene 
Unexpended Panel Size 3.19 m by 0.12 m by 200 mm thickness 
Expended Panel Size 2.82 m by 6.4 m by 200 mm 
Cell Dimension 406mm x 488mm 
Cell/m2 10 
Polymer Properties  
Polymer Polyethylene 
Colour Black 
Sheet Thickness (mm) 1.25 ± 0.5 
Carbon Black Content (% by Weight) Min 2% 
Density (g/cm3) 0.935 – 0.965 
Seam Strength (kN/m) 116* 
 
* For 0.2m thickness of Geocell used in RS4, Seam Strength = 116 x 0.2 = 23kN/joint 
 
Table 5.1(a): Degree of Compaction of Residual Soil at Woomera during Construction 













Sandy Silty Clay 
(30% Sand, 70% 
silt and clay) 
3-4 90 10-15 35˚ 90 
 
Table 5.2: Technical Specifications of Accelerometers & Air Pressure Cells 
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Table 5.3: Specifications of Total Pressure Cells (TPCs) Used 
Reference 














RS4-T1 EBH04040 KDE-500KPA 500 0.418 1197 1276 
RS4-T2 EBH04043 KDE-500KPA 500 0.460 1088 639 
RS4-T3 EBH04044 KDE-500KPA 500 0.453 1104 -50 
RS4-T4 EBH04050 KDE-500KPA 500 0.486 1028 278 
RS4-T5 EBH04051 KDE-500KPA 500 0.456 1097 1862 
RS4-T6 EBH04066 KDE-500KPA 500 0.519 964 1709 
 
Table 5.4: Settlement for RS walls after blast 
Average settlement of the top row grid points 
for one facing (mm) 





RS1 121 131 142 131 
RS2 125 200 310 212 
RS3 125 56 140 107 
RS4 5 29 52 29 
 
Table 5.5: Backwards deformation for RS walls after blast 
Backwards deformation of the top row grid 
points for one facing (mm) 






RS1 0 57 127 61 
RS2 244 455 408 369 
RS3 280 311 56 216 
RS4 102 103 44 83 
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Figure 5.1: Map of Woomera 
 
Figure 5.2: Layout of RS4 in Woomera Site (Units in mm)  
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Figure 5.3: Completed Geocell Wall, RS4 in Woomera 
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Figure 5.5: Particle Size Distribution of Woomera Residual Soil 
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Figure 5.6(a): Instrumentation Layout of RS4 (Front View – Facing Ground Zero) 
 
Figure 5.6(b): Instrumentation Layout of RS4 (Section A-A – Right Side) 
 
Figure 5.6(c): TPC Layout of RS4 (Section B-B) 
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Figure 5.7: Grid Lines on RS4 
 
 
Direction of Blast 
Front 
Right 




Figure 5.8(a): Accelerometer Mounted on L-Shaped Metal Frame 
 




ACM Screwed On 
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Figure 5.9: FOPC Installed on RS4 
 
Figure 5.10: RS4 after Blast 
Direction of Blast 
Chapter 5: Geocell Wall Subjected to Large Scale Blast 
328 
 
Figure 5.11: Back Face of RS4 after Blast 
 
Figure 5.12: Left Side of RS4 after Blast 
Direction 
of Blast 
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Figure 5.13(a): Acceleration for RS4-A1 (Front Face) 
 
Figure 5.13(b): Acceleration for RS4-A2 (Back Face) 
57.0ms, 300.2 m/s2 
43.6ms, -1188 m/s2 
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Figure 5.14: Front Face Velocity of RS4 during Blast 
 
Figure 5.15: Front Face Displacement of RS4 during Blast 
91.7ms, 3.63 m/s 133.7ms, 3.73 m/s 
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Figure 5.16: Front Face Air Pressure of RS4 during Blast (RS4-F1) 
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Figure 5.18: Side Face Air Pressure of RS4 during Blast (RS4-F3) 
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Figure 5.22: Blast Pressure Reduction across All Walls at Z = 2.0 
(ETSC2004, Woomera 2002 & 2004) 
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Figure 5.23: Pressure Reduction of All Walls at Z=2 




Figure 5.24: Front Face Deformation of RS4 
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Chapter 6 
Study of Rapid Constructability of RS 
Wall for Blast Loads  






From the geocell RS Walls built in Woomera 2004 and ETSC2004, it was observed that 
the construction process was much faster (required less than one day per wall) and 
required only menial labor. However, these geocell facing elements produced more 
debris and suffered more damage then the previous RS walls using geotextiles wrapped 
around facing. While Geocell walls achieve the rapid constructability, it requires quite a 
bit of physical strength to straighten the geocell layers properly before filling with soil. 
Thus to further improved on the constructability of RS walls, a new type of innovative 
RS wall was designed and tested in May 2006 to improve on Geocell walls. This new 
geoblock wall aims to fulfill the following objectives: 
1) Wall (approximately 3m in width, 3m in height and 6m in length) to be 
completed within 8 hours. This is to facilitate the need for rapid construction 
of protection barriers against blasting in these current times of prevalent 
terrorist attacks. 
2) The wall built should require no specialized labor or equipment. Any 
layman/normal personnel should be able to complete the wall within 8 hours 
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of construction using only standard equipment such as an excavator for the 
soil. 
3) Most importantly, the RS wall should not produce any significant debris 
during the blast so that there is minimal injury or damage to personnel and 
equipment. 
 
6.2 General Configuration and Details of RS Walls for Woomera 2006 
 
The Geoblock wall (RSE) was subjected a charge weight of equivalent TNT of 5036kg. 
The charge consists of a 4800kg Cast TNT type booster with separate detonator cords of 
Class 1.1D (i.e. Mass explosion hazard with article containing a primary explosive 
substance and containing two or more effective protective features). Together with the 
detonation cords and boosters, the charge weight will add up to 5036 kg. Thus the NEQ 
of the charge will be 5036 kg TNT.  
 
Figure 6.1 shows the layout of the RS walls with respect to the charge. Table 6.1 shows 
the general dimensions and characteristics of each wall. Note that another RS wall, 
labeled as RSM was built together with the Geoblock wall. Note that RSM was a 
conventional geotextile wall that has been tested successfully previously in Woomera and 
Singapore in 2002 and 2004. In this case, RSM is much smaller in dimension compared 
to the previous walls built. This is so as to investigate the failure criteria of geotextile 
walls subjected to blast loading. RSM (NUS2) was placed at 34m (Z = 1.99). The results 
for this wall were not discussed here as it has been reported previously by He (2009). The 
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new geoblock wall, labeled as RSE (Figure 6.1) is placed at a distance of 20m from the 
charge (Z = 1.17) weight. This was placed much closer compared to the RS walls in 
Woomera in 2002 and 2004. IP4 was used as the instrumentation pit for the data 
capturing system. All the instruments cables were extended and connected up to IP4. 
 
6.2.1 Materials Used  
 
The RS walls were built using residual soil from Woomera. Table 2.2 shows the 
properties of the soil used. The dry sieve analysis was also done and the results that the 
residual soil consists of about 25% sand with around 45% of silt and remaining of clay. 
This was similar to the soil used in Woomera 2004. 
 
High strength geotextile, PEC100 and edge blocks (Flexi-Drain SDC 30) were used for 
RSE (Figure 6.2). The edge blocks are made of block pieces measuring 400mm length by 
300mm width by 30mm thickness with inter-connecting slots. They are made up of 
polypropylene and black in color with rectangular lattices on each side. The features and 
characteristics of the edge blocks are shown more clearly in Table 6.3. 
 
6.2.2 Static Design for RSE 
 
As before for RSW1 and RSW3 in ETSC2004, the static design of RSE was checked to 
ensure there will be no internal or external stability failures. RSE (10 layers) were built 
using PEC100 layers of 300 mm thickness each. The main direction of the wall (i.e. 
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direction of blast pressure) was reinforced by continuous PEC100 pieces with around 2 m 
wrapped back and anchored into the soil at both ends. The transverse direction 
(perpendicular to blast pressure direction) was wrapped with 1 short piece of geotextile. 
Again similar assumptions were made for the static design of RSE. The properties of 
residual soil in Woomera were used. They are as follows: 
1) The coefficient of active pressure, Ka is assumed to be tan2(45˚- Φ/2), which is 
equal to 0.27 for Φ = 35˚.  
2) Allowable tensile strength (Tall) was taken as 78.7 kN /m for PEC100 as before 
(Section 3.2.2). 
3) The interface friction angle δ between the soil and the geotextile was taken to be 
26˚. This was obtained from the assumption that tan(δ)=0.7tan(Φ). 
4) There was no surcharge on top of the wall and the soil is assumed to have no 
cohesion for a more conservative design. 
 
For RSE, the probability of external failure mechanism is very low. For in internal 
stability, the factors of safety against pullout and rupture of the geotextiles were checked 
for every layer of geotextile. Similar equations were used. 
 
The pullout resistance, Pr is given by the following equation, 
Pr = 2 tan (δ) z Le   (6.1) 
 
Horizontal earth pressure is computed from 
Tmax = Ka γ z Sv.   (6.2) 
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=      (6.3) 
 
The factor of safety against rupture, FSrupture is given by 
FSrupture =   
maxT
Tall          (6.4) 
 
where Le is the effective length of embedment of the PEC100 layer in the anchorage zone 
beyond the active wedge and Sv is the vertical spacing of geotextile layers (0.4m). Table 
6.4 shows the results of the static design check for RSE. The lowest values for FSrupture 
and FSpullout are 12.6 and 7.7. These values are more than the minimum requirement of 
1.5 and thus RSE is stable. 
 
6.3 Construction Methodology for RSE Walls 
 
The main objective of this blast trial is to enable the rapid construction of a RS wall 
without specialized formwork and equipment. The ability to rapidly construct these RS 
walls (within 8 hrs (i.e. 1 day)) will be immensely important in protecting personnel and 
equipment during times of sudden terrorist attacks. The construction process of RSE is 
elaborated below. The edge blocks were shipped over from Singapore to Australia prior 
to the construction dates. The following steps were done: 
 
1) First the edge blocks were slotted together and secured in place using normal 
cable ties at each connection. Figure 6.3 shows the details of the configuration 
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of a typical layer of the edge blocks. Approximately 150 pieces of edge blocks 
were needed for each layer. Each layer is completed separately. There was a 
slight difference in each layer as the wall is staggered, reducing in width with 
each layer. Figure 6.4 shows a completed layer. Note the support and side 
connections of the edge blocks (Figures 6.5 and 6.6). This is to ensure the 
shape of the layer stays relatively fixed and rigid.  
2) Once the layers were completed, the actual construction of the RSE wall was 
started. A small depth of soil (200mm deep) was cleared and the PEC100 
pieces were then laid into position for both directions as shown in Figure 6.7. 
3) Once this is done the edge block layer is placed on top of the geotextile 
(Figure 6.8). The PEC100 pieces on the 2 shorter sides are then folded in. 
Note that a slot cut is made in these PEC100 so as to accommodate the 
support pieces (Figure 6.9). 
4) Once these are all done, residual soil is filled up till 200mm (
2
1  of layer 
thickness – 200mm). As expected, some soil fell out at the sides but the 
amount is negligible. The soil is then compacted for one round with a small 
compactor (Figure 6.10).  The compaction is purposely significantly less than 
that in Woomera 2002 and 2004 as the wall is designed to fail under the blast 
loading. 
5) Next, the PEC100 pieces on the long side is folded back and again slots are 
cut to take into account the support pieces (Figure 6.11). The PEC100 are 
pulled taut so that the facing of the wall will be vertical. 
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6) Soil is then filled again and compaction done (Figure 6.12). Thus a layer is 
completed. 
 
The above process is repeated until the RSE wall is completed. The wall consists of 8 
layers. The wall was completed on the same day (1st April 2006) within 8 hrs inclusive of 
breaks in between. Thus the objective and aim was satisfied. The wall was completed 
without any specialized equipment and workmanship which enable anyone with minimal 
technical background to construct this wall in times of emergency. Figures 6.13 and 6.14 
show the front and back view of the wall. As seen, the back is staggered up. This was 




Numerous instruments were installed in the walls to monitor their responses during the 
blast. These include the following: 
1) Accelerometers (ACC) – To measure acceleration of walls during the blast. 
2) Air Pressure Cells (AP and APB) – To measure the front face blast air 
pressure. 
 
3) Soil Pressure Cells (TPC) – To measure the soil pressure thru the wall during     
the blast. 
 
4) Strain Gauges (SG) – To measure the strain experienced by the geotextile 
pieces during the blast. 
 
 
Figures 6.15 and 6.16 show the positions of these sensors inside and on the walls. All the 
sensors installed in this blast trial were similar to that in Woomera 2004 and ETSC2004. 
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The Soil Pressure Cells (TPC) used were from Tokyo Sokki Kenkyujo Co. Ltd (TML) 
with measurement ranges from 500kPa to 2MPa depending on where they are placed 
within the RS walls. The strain gauge model used was YFLA-20 (120 ± 0.3Ω resistance, 
20mm length, gauge factor of 2.12 ± 2%) strain gauges from TML. The data capturing 
system for this blast trial was done using 2 main systems. The soil pressures (total 
pressure cells - TPC readings) and geotextile strain values (strain gauges – SG readings) 
were measured during the blast using the dynamic data logger DC104R. They were 
monitored at a data sampling rate of 0.2ms per reading (i.e. 5000 readings per second). 
The accelerometers (ACC) and air pressure cells (AP and APB) were monitored using the 
digital scope (DL708E). These were measured at a rate of 100,000 readings per second. 
 
All the instruments were monitored up till just before the blast. They were all found to 
function correctly. These include all the strain gauges and soil pressure cells that were 
installed during the 1st construction trip. During the blast, the oscilloscope, two digital 
scopes and laptop were directly connected to the generator. There was no backup power 
supply and the data capturing equipment did not have any backup memory card. The 
system designed was tested numerous test prior to the blast and there were no problems 
with the system. During the blast, the generator suddenly stopped working around a few 
milliseconds after the charge went off. No data was obtained from the oscilloscope. The 2 
digital scopes which were connected to the laptop in the instrumentation pit, and linked 
up to the laptop at the firing point using a fiber optic cable, also did not capture any data 
points. Only the screen capture during the blast from this laptop was obtained for the 
instrumentation readings and will be discussed in Section 6.5.2 later.  
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6.4.1 Strain Gauge Values Prior to Blast 
As before in ETSC2004, the strain gauges installed were monitored from installation till 
the actual blast (Figure 6.17). All the 6 SG installed worked well prior to the blast. As 
expected, the SG values increase upon addition of layer of soil above the SG layer. Upon 
completion of RSE, the SG values maintained positive values ranging from 0.65% to 
1.8%. This shows that the PEC100 was pre-tensioned prior to the blast. Upon connection 
of the wires to the IP, the SG values changed but still maintained positive values. 
 
6.5 Results for RSE 
 
 
The physical observations for RSE after the blast will be discussed and analyzed. Due to 
the generator stopping halfway during the blast itself, only minimal instrumentation 
readings were obtained for this blast trial. This will be discussed in brief in Section 6.5.2. 
 
 
6.5.1 RSE Wall After Blast 
 
Figures 6.18 to 6.20 shows RSE wall after the blast has occurred. As can be seen, RSE 
suffered extensive damage due to the unexpected high intensity of the charge and a small 
scaled distance. From Figure 6.18, only the bottom 3 layers (approximately 40% of 
original volume) were still intact after the blast. However, the edge blocks and the 
geotextiles for these bottom layers were still completely burnt or blown away by the high 
heat and blast pressure generated by the charge. The damage of RSE is worse compared 
to the previous 2 Woomera trials in 2002 and 2004. This is due to the close proximity of 
the charge to RSE at only 20m (Z = 1.17) compared to Z greater than 2 in the previous 
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blast trials. Moreover, the explosive used in this trial is significantly different from that 
used in 2002 and 2004. For this charge, the explosives were much more concentrated as 
seen from the shape of the explosives. It was a small cylinder and stood at around 1m in 
height compared to flat low lying explosives which were spread out over a much larger 
area in Woomera 2002 and 2004 (Figure 6.21). This may have resulted in the higher 
temperature and intensity of the blast. 
 
The higher center of gravity of the charge could have also resulted in the main blast wave 
pressure concentrated on the middle part of RSE at a height of around 0.5m above the 
ground. This can explain why the bottom 3 layers are relatively intact while the top 4 
layers have all toppled over. This phenomenon is also exhibited in RSM wall (He, 2009). 
In addition, the extensive damage of RSE was also because RSE was designed with 
factor of safety of 1.0, i.e. just at the failure state, based on the design charts developed 
from the previous trials. For the previous trials, the factors of safety of the RS walls built 
were considerably higher at 1.5 or more. 
 
A close up of RSE shows that the geotextile facing was completely burnt away and 
blocks of compacted soil could be found lying around the site (Figure 6.19). Also, pieces 
of edge blocks were found around the wall. Despite the severe damage, no significant 
debris was found around the site. Also the small pieces of debris found will cause 
minimal harm to personnel and equipment in the event of an explosion (Figure 6.20). 
This was due to the PEC100 wrapped around the edge blocks which prevented the edge 
blocks from being scattered throughout the site. In addition, the pieces of edge blocks that 
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were found were much smaller than the debris GeoCell pieces in the previous trials, thus 
the danger of these fragments causing injuries to humans is significantly reduced. 
Therefore the main objectives of RSE have been achieved with minimal debris formed 
and rapid construction within 8 hours. 
 
The extend of damage that RSE experienced can also be better explained by photos that 
were taken of the site during the explosion itself. Figure 6.22 shows the RS walls’ 
positions before the blast and the fireball formed during the blast. As seen, the fireball 
that is formed by the explosion actually engulfs RSE completely and it stops 
approximately at the face of RSM. This explains why RSE was so severely damaged 
during the blast with the edge blocks completely blown away and the PEC100 facing 
were burnt off. In contrast, the facing of RSM was relatively undamaged as it was at the 
peripheral of the fireball. However RSM completely toppled with only the bottom 3 
layers remaining (He, 2009).  
 
6.5.2 Instrumentation Readings During Blast 
 
During the blast, the generator suddenly stopped working around a few milliseconds after 
the charge went off. No data was obtained from the oscilloscope. The 2 digital scopes 
which were connected to the laptop in the instrumentation pit, and linked up to the laptop 
at the firing point using a fiber optic cable, also did not capture any data points. The only 
data that was captured was what was shown on the firing point laptop screen prior to the 
generator failing. This screen capture is shown in Figure 6.23. RSE-T4 (1.8m above 
ground level – Layer 7) recorded a peak strain reading of +5700μe. Based on the 
calibration coefficient of 1.060 kPa/1x10-6, the equivalent soil pressure was 6.04 MPa. 
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RSE-T4 was placed differently compared to the other TPCs. It was placed horizontally to 
measure the blast wave acting down on the top of the wall. Irregardless, this pressure 
obtained was way too high as the CONWEP value of the reflected pressure at 20m away 
from a 5 tonnes charge weight was only around 5 MPa. This cannot be the true peak of 
RSE-T4. Comparing the signal from RSE-T4 to the other signals in DC104R (0211010), 
the true peak of RSE-T4 should be around +700μe where the other instruments started to 
have signals. This is around 742 kPa. This shows that the blast pressure acting on the top 
of the wall was still significant and could cause severe damage to anyone or any 
equipment placed on top of the wall. This also serves to explain the extensive damage of 
RSE during the blast. The other TPCs did not register any useful readings.  
 
For the strain gauges, RSE-S1 and RSE-S6 recorded 1st peaks of around +6100μe (0.6%) 
and +3500μe (0.35%) respectively. As expected S1 recorded much higher strain 
compared to S6 as it was nearer to the front face of RSE. Thus the geotextile in RSE did 
not experience significant strain during the blast. 
 
6.6 Conclusions on RSE Wall 
 
RSE was completed within 8 hours of construction without need of any specialized labor 
or equipment. Thus the main objective of this blast trial was achieved which is improving 
the speed and ease of constructability of RS walls. RSE was 70% destroyed with only the 
bottom 3 layers intact after the blast. The edge block facings were completely blown off 
with pieces scattered around the wall. There were several reasons for this. The first 
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reason was the unexpected intensity of the blast. This was due to the charge and its 
configuration being different from previous trials conducted. In addition, RSE was placed 
very close to the charge at a scaled distance of 1.17. Also RSE was designed to be close 
to the serviceability limit. Moreover, during the blast, the resulting fireball formed 
engulfed the whole of RSE. Despite the extensive damage, minimal debris was found on 
site after the blast. The pieces of debris found were small and will not cause any damage 
or injury to equipment or personnel.  
 
Comparing this with RSM, which was only 50% intact after the blast with the top 3 
layers (4th, 5th and 6th layers) blown off by the blast wave (He, 2009), RSE performed 
better despite the fact that RSM was placed further away from the charge weight at Z = 2 
compared to Z = 1 for RSE. This also further validates the strength of the blast wave 
generated. This verifies that the main blast pressure was concentrated at the middle 
section of RSE and RSM due to the higher center of gravity of the charge weight which is 
around 1m above the ground.  
 
For the instrumentation, due to the failure of generator halfway during the blast, no data 
was captured except for those from the laptop screen.  
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Table 6.2: Properties of Residual Soil Sample from Woomera Test Site 
 
Properties Unit Value 
Specific Gravity  2.65 
Natural water content % 7.7 
Optimum Water Content % 23.5 
Water content at 
construction % 20 
Unit weight kN/m3 18 
Friction angle Degree 35 
Cohesion kN/m2 20 
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Table 6.3: Technical Specifications of Edge Blocks 
 
Edge Blocks (Flexi-Drain SDC 30) 
Product Type Extrusion Mould Geosynthetics Matrix 
Material Polypropylene Homopolymer 
Colour Black 
Density (g/cm3) 0.90 
Tensile Strength at 
Break (MPa) 44.1 
Elongation (%) 850 
Stiffness (MPa) 1,370 
Melting Point (οC) 164 
IZOD Impact Strength 
(kg/cm2) 2 to 3 




Table 6.4: Internal Stability Design for RSE 
Layer Depth, z (m) 
Width of 
Wall Le (m) Tmax (kN/m) FSrupture FSpullout 
8 0.4 1.35 0.86 0.78 100.85 7.70 
7 0.8 1.5 1.14 1.56 50.43 10.22 
6 1.2 1.65 1.42 2.34 33.62 12.74 
5 1.6 1.8 1.70 3.12 25.21 15.26 
4 2 1.95 1.98 3.90 20.17 17.78 
3 2.4 2.1 2.26 4.68 16.81 20.30 
2 2.8 2.25 2.54 5.46 14.41 22.82 
1 3.2 2.4 2.82 6.24 12.61 25.35 
 










Figure 6.2: PEC100 and Edge Blocks (Flexi-Drain SDC 30) 
Mono-directional  




































Figure 6.4: Geoblocks Configuration for Each Layer 
 





































Figure 6.6: Close Up of Geoblocks Support Connections 
 















































Figure 6.8: Placing of Geoblocks on top of Geotextile Layer  















































Figure 6.10: Filling with ½ Layer of Soil (150mm Height) and Compaction
Geotextile Folded Back 
Slot Cut in Geotextile for 
Geoblock Connection 















































Figure 6.12: Completed RSE Wall Layer
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Figure 6.15: Side View of Instrumentation Details in RSE Wall 
 
Figure 6.16: Front View of Instrumentation Details in RSE Wall 
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Figure 6.17: RSE Strain Gauge Readings prior to Blast 
Completion of RSE Connection 
of Wires 
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Chapter 7 






As stated previously, numerical modeling was done to complement the blast trial results. 
Modeling of the RS walls in the blast trials will serve as comparison to ensure proper numerical 
results are obtained. The main objective of this numerical modeling is to model the blast trials 
for ETSC2004 and Woomera 2004 and 2006.  After proper calibration of the numerical 
modeling, it can be used to model the response of any RS walls subjected to close range blast. 
The results of the numerical modeling can also be used to supplement the development of the 
design charts. 
 
The modeling was done using AUTODYN and PLAXIS. AUTODYN (Version 12.0 academic) 
is an integrated explicit analysis program specially designed for non-linear dynamics problems. 
It is especially suitable for modeling blast air pressures and loading on structures. Note that 
AUTODYN was not specifically designed for geotechnical engineering and as such cannot be 
used to model the interface between soil and geosynthetics. However based on previous studies 
by He (2009) using PLAXIS, the presence of geosynthetics does not affect the modeling results 
significantly and can be ignored during the numerical modeling. Moreover, the peak strain 
measured inside the RS walls during the blasts were all lower than 0.6%. As such, the RS walls 
can be modeled as soil blocks in AUTODYN without affecting its integrity.  
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However, AUTODYN has been shown previously to not give very accurate soil pressure 
prediction, as such, PLAXIS was also used to model the soil pressure. PLAXIS is a finite 
element program specifically designed for the analysis of soil stability and deformation in 
geotechnical engineering problems. Version V9.0 was used for this analysis. This program will 
be used to simulate the soil pressures caused by the blast wave.  
 
7.2 Basic Numerical Model Configuration using AUTODYN 
 
First and foremost, the blast pressure produced by the charge was modeled using a 1D wedge in 
AUTODYN-2D. In this wedge, the blast is modeled as a free field spherical blast. To stimulate 
the actual hemispherical blast, the actual equivalent TNT charge weight is multiplied by a factor 
of 1.8 to take into account the reflection from the ground and the energy lost from formation of a 
crater (based on TM5-855-1). Thus for ETSC2004, the actual hemispherical charge of 110kg 
TNT is modeled as a spherical charge of 198kg TNT. Table 7.1 shows the model charge weights. 
The detonation of the explosive was computed using the Euler multi-material solver. The Jones-
Wikins-Lee (JWL) equation of state is used to describe the explosive (in terms of pressure, pTNT), 





















⎛ −= −− 21
21
11         (7.1)    
 
where A, B, R1, R2, and ω are empirically derived constants (different in each explosive) 
 VTNT is the relative volume or the expansion of the explosive product (TNT) 
 ETNT is the detonation energy per initial unit volume for TNT.  
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The values of constants in JWL for many common explosives have been calibrated and compiled 
in the material library in AUTODYN. In this research, all charge weights were based on 
equivalent TNT as TNT is the most commonly used standard material to describe and quantify 
charge weights. Table 7.2(a) shows the properties of TNT in AUTODYN. 
 
An element size of 1mm was used for the 1D wedge. The blast wave is modeled up till a certain 
time, just before it reaches the target wall. This time is dependent on the distance of the blast to 
the RS wall so as to achieve the most accurate results. An output ‘*.fil’ file was obtained from 
the 1-D wedge model, which gives the blast wave propagation of the explosive. This ‘*.fil’ file 
was then inputted (remapped) into the AUTODYN-3D model, where the charge was to be 
placed. 
 
The 3-D model used is shown in Figure 7.1(a). The model space above ground is symmetrical 
about the X-Z plane. The model space used was 8m in height, 10m in width and Lm in length. L 
is proportional to the distance of the RS wall to the charge. Table 7.1 shows the L values. This is 
based on the fact that the blast air pressure is influenced by the wall up till around a distance 
equal to the height of the wall beyond the wall. In this case, this extra distance is 3m. Four sides 
of the model space were set to the ‘flow-out’ boundary condition so that air is allowed to freely 
flow out off these planes (Figure 7.1(a)). The RS wall was fixed at the bottom of the wall to 
stimulate the anchoring of the wall to the ground. A mesh size of 100mm was used. A zoomed in 
view of a portion of the mesh is shown in Figure 7.1(b). This was found to be the optimal size as 
further reduction of the mesh size only produced slightly different results but with a large 
increase in computation time. This was compared to previous research conducted by He (2009) 
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where a mesh size of 500mm was used. Coupled analysis was used (interaction occurs between 
the soil and air) for more accurate modeling of the RS wall responses. The RS wall was modeled 
using Lagrange model while the air model space was modeled with the Euler Ideal Gas model.  
 
The properties of the soil model in the AUTODYN program are shown in Table 7.2(b). This soil 
model is basically following Laine & Sandvik (2001) and Fiservora (2006) was defined based on 
the following three criterions: 
1) Equation of State (Compaction) – This is described by a plastic compaction curve, 
which is given as a piecewise-linear curve with 10 points, namely density as a 
function of pressure (as shown in Table 7.2(b)). 
2) Strength Model – The yielding in this model is of Prandtl-Reuss type and the shear 
modulus is density dependent (shown in Table 7.2(b)). 
3) Failure Model – Hydro tensile limit which is based on the fact that soil has minimal 
tensile strength. The soil is considered to have failed when the minimum pressure 
value, Pmin=-1e-3 Pa was reached. 
 
The focus of this numerical modeling is close range blast loads, which is defined as Z≤1. 
However for comparison purposes, the modeling of the blast trials will be separated into two 
main sections, namely large scale (Woomera 2004 → Z=2.0 and 2006 → Z=1.17) and medium 
scale blasts (ETSC2004 → Z<1). 
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7.2.1 Blast Trial ETSC2004 (Blast 1) 
All three walls were modeled for Blast 1 and the computed numerical results were compared 
with the actual measured results. For RSW1 (4m from charge), Figures 7.2 and 7.3 show the 
front, back and side face pressure data obtained. These results are compared to RSW1-FF, FB 
and PS respectively (as reported in Chapter 4). Table 7.3 shows the comparisons between the 
actual measured values and the computed numerical values. As can be seen, the front face and 
back face pressure are quite well modeled by AUTODYN. Looking at Figure 7.3(a), comparing 
the measured and computed front face pressure (RSW1-FF), it can be seen that the modeled front 
face pressure (5450kPa) was around 17% lower than the measured value (6539kPa). Moreover 
they had similar positive pressure duration of around 3.5ms. Using this factor of 17% for 
adjustment, the front face variation of RSW1 was obtained and shown in Figure 7.4. The 
pressure drops by over 60% from the middle to the top of the wall. This again verifies the slight 
indentation formed at the bottom of RSW1 after Blast 1 (Section 4.5.1.1). The calculated side-on 
pressure (incident) of 904kPa is very close to the measured pressure (RSW1-PS) of 933kPa.  
 
The impulse of the computed air pressure is shown in Figure 7.5. As seen in Figure 7.5(a), the 
computed front face impulse of 3.79kPa.s is almost exactly the same as the measured impulse of 
3.48kPa.s. This again shows how well AUTODYN can model the air pressure and the response 
of the RS wall. Table 7.4 shows the comparison between the calculated and measured impulse. 
 
However the calculated soil pressures inside RSW1 were quite different from the measured 
values. Figure 7.6 shows a typical computed soil pressure trend (RSW1-T6). Figure 7.7 shows 
the comparison between the pressure reduction across the wall for the measured peak ETSC 
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values and the computed peak numerical values. As seen, the soil pressure was relatively 
accurate for the 1st 0.5m of soil into the wall. After which the numerical modeling predicted 
almost constant soil pressure versus distance, whereas the actual soil pressure was reducing with 
distance. This shows that AUTODYN was inadequate to predict the full soil pressure profile 
inside the wall, while the soil pressure near the front face is reasonably predicted. This seems to 
suggest that AUTODYN is very good in predicting the blast responses at the interface between 
air and solid materials, but less accurate within the solid material itself. This is because 
AUODYN is based on computational fluid dynamics which models best the response of air but 
not necessarily solid materials. An alternative geotechnical program called PLAXIS was used 
instead and this will be discussed in later sections. 
 
For RSW3 (14.5m from charge), again AUTODYN was able to produce relatively accurate 
results for the front, side and back face as shown in Figure 7.8. Comparing to RSW1, because of 
the distance to the charge, the front face of RSW3 was subjected to a more uniform blast 
pressure. The numerical values verify this (reduction of around 30% from bottom to top of 
RSW3). This is expected as the blast wave moves away from the detonation point; it becomes 
more and more uniform. For the calculated impulse (Figure 7.9), the front face impulse of 
0.87kPa.s was lower than that of RSW1 and RSW9 as RSW3 was furthest from the charge. The 
back and side face impulse were relatively close to the measured values (Table 7.4) 
 
For RSW9 (9.6m from charge), the numerical model produced relatively accurate air blast 
pressure on the front and back face of the wall (Figure 7.10). The values obtained were in the 
same range. The measured value of RSW9-PS (632kPa) is much higher than the calculated 
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incident pressure of 350kPa. As before, this could be due to the channeling effect of RSW3 being 
directly beside it (Section 4.5.2(d)). As expected, based on the numerical results, the vertical 
pressure variation was not as significant compared to RSW1 as RSW9 was further from the blast. 
The top part of RSW9 only experiences around half of the bottom pressure. Compared to a 
similar blast trial in Woomera 2002 (He, 2009), both at scaled distance of 2.0, the front face 
pressure is still not uniform for close range medium scale blast. This verifies the non-uniform 
soil pressure measured at 0.5m into the wall (Section 4.5.2(c)). Figure 7.11 shows the computed 
impulses for the front, side and back faces of RSW9. The front face impulse was over-estimated 
significantly (1.61kPa.s compared to the measured value of 0.52kPa.s). This is due to the large 
positive area under the curve of the computed RSW1-FF compared to the measured value 
although the peak front face pressures were in the same range. 
 
Figure 7.12 plots all the measured versus computed air pressure on for all three walls. A 
logarithmic scale was used for both axes for better comparison as the values vary from 50kPa to 
over 6000kPa. As seen, AUTODYN predicts the air pressure on all three faces fairly accurately 
with an even distribution above and below the symmetry line. Only the back pressure was quite 
consistently under-predicted. However as stated previously, the range of values obtained for back 
pressure was still in the same range. Thus this figure further shows how well air pressure was 
predicted by AUTODYN.  
 
7.2.2 Blast Trial ETSC2004 (Blast 2) 
For Blast 2, only RSW9 (2m from charge) was modeled as the other walls were placed at similar 
scaled distances of 2 to 3 and will obtain similar results to RSW3 and RSW9 in the previous 
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section. Figure 7.13(a) shows the computed front face air pressure with a peak of 14,562kPa in 
the middle of the wall. This was close to the estimated RSW9-FF value of 17,038kPa (Section 
4.6.2(c)(i)). This further verifies the pressure reduction trends that were presented earlier. Thus 
AUTODYN again predicts the air pressure well. Again the front face pressure varies from 
21,041kPa (Bottom) to 3638kPa (top), which shows the non-uniformity of the front face pressure 
for close range blasts. 
 
The side air pressure of 2575kPa obtained (Figure 7.13(b)) was higher than the CONWEP value 
of 1567kPa. This is due to the fact that in the numerical model the wall affects how the blast 
wave travels to the position of the PS gauge whereas in CONWEP, this is not taken into account. 
Blast waves deflected from the front face will be channeled to the side. The computed peak back 
pressure of 40kPa was very near the measured 50kPa. The computed impulse is shown in Figure 
7.14.  
 
7.2.3 Blast Trial ETSC2004 (Blast 3) 
As with Blast 2, only RSW3 (1m from charge) was modeled for this blast. An MK82 bomb was 
used which has an equivalent TNT of 110.2kg. Thus the charge was modeled the same way as 
Blast 1 and 2. However two cases were considered. Case 1 is the same as the previous models 
with the assumption that the ground does not affect the blast (i.e. cratering is already taken into 
account by multiplying the charge weight by a factor of 1.8).  In Case 2, the ground soil base was 
also modeled.   
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For Case 1, the front face peak pressure (Figure 7.15) was again well predicted at 14,931kPa 
which was very close to the estimated value of 16,300kPa. Thus the pressure reduction trends for 
RSW3 during Blast 3 were as what was presented in Chapter 4. As before in RSW9 in Blast 2, 
the side pressure of 2674kPa (Figure 7.16) was an overestimation of the CONWEP value of 
1851kPa. Again the above channeling effect is valid here. Once again the back pressure 
computed (41kPa) was almost exactly the same as the measured 43kPa. This again verifies the 
protective nature of RS walls against blast loading. As expected, the variation in front face blast 
pressure is most drastic in Blast 3 with the pressure changing from 50,100kPa at the bottom of 
the wall to 14,931kPa in the middle and finally to only 3328kPa at the top. This further verifies 
the damage shape of RSW3. Surprisingly the top pressure (3328kPa) was lower than the top 
pressure (3638kPa) in Blast 2. This is because the bomb was placed so near the wall that the bulk 
of the blast pressure was absorbed by the wall instead of moving upwards and over the wall. The 
impulse obtained is shown in Figure 7.17. 
 
In RSW3, there was a trench behind the wall. In Blast 1, there was no need to model this trench 
as RSW3 was far away (scaled distance of 3.0). However in Blast 3, this was necessary. In 
addition, in the actual Blast 3, due to its close proximity to RSW3, the crater on the ground 
actually becomes part of the damage on RSW3. Thus Case 2 is considered.  
 
For Case 2, a remapped 1D wedge can no longer be used. Instead a 2D model is used to obtain 
the blast wave prior to hitting RSW3. This is shown in Figure 7.18. The actual charge weight of 
110kg was used because for Case 2, the soil base and thus the crater was modeled, unlike Case 1. 
A mesh size of 2.5mm was used which gives around 3 million elements. Due to the limitation of 
Chapter 7: Numerical Modelling of RS Walls in Blast Trials 
377 
the computer, it was not possible to further reduce the mesh size to 1mm similar to the 1D 
wedge. This was then remapped onto the model shown in Figure 7.19. In this new model, the air 
has to be modeled as Euler Multi-material instead of Ideal Gas due to the soil being modeled in 
the 2D charge model. Due to this, the mesh size affects the results significantly. Three mesh 
sizes were reviewed (50mm, 100mm and 200mm). Various soil blocks were used to form a 
whole soil mass. For mesh sizes of 100mm and 200mm, the whole modeling space will consist 
of elements of the same size. However, for 50mm mesh size case (Figure 7.20), only a small 
cubic area of 4m x 4m x 4m had a mesh size of 50mm with the rest of the space with element 
size of 100mm. This is due to the limitation in memory of the program. Using this 50mm case 
model, there were already 2.7million elements and over 8 hours was required to compute the 
results. 
 
Figure 7.21 shows the deformed shape of the wall and the crater formed by the blast. It shows a 
localized failure which is consistent with the field results. However due to the limitations of the 
soil model used in AUTODYN, RSW3 did not deform and collapse as drastically compared to 
the observation in the actual field trial. But AUTODYN does verify the localized behavior in 
close range medium scale blasts.  
 
Figure 7.22 shows the general blast wave contours at 100ms for 100mm mesh size. As seen, the 
blast wave has almost fully dissipated at 100ms after the explosion. It has already reached the 
trench and the pressure in the trench had dropped below atmospheric pressure of 101.3kPa due to 
sunction. Figure 7.23 shows the blast wave travelling over RSW3 at 100ms. This again shows 
that RSW3 was effective in mitigating the blast load. Results from the two models with 50mm 
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and 100mm mesh size, gave very low air pressures in the trench of around 40kPa. This was 
consistent with the field measurement of 14kPa. This signifies that equipment and people placed 
inside the trench will be protected from the blast wave. For the 200mm mesh model, a slightly 
higher trench pressure of 80kPa was obtained. Thus this mesh size was too large to model the 
trench pressure accurately. 
 
The front face pressure for RSW3 was obtained for all three mesh sizes as shown in Figure 7.24. 
The air pressure was taken at 2m height. The values seem to suggest that the air pressure 
converges with a 50mm mesh size. However, this is not true as for the air pressure at the bottom 
of the wall (Figure 7.25) where the pressure increases from 28,809kPa (200mm mesh size) to 
48,703kPa (100mm mesh size) and continuing to 81,461kPa (50mm mesh size). Thus there is 
still a trend of non-stabilization even at 50mm element size, which is the limit of this program at 
this moment. Consequently Case 2 can only be used as an estimation of the blast wave flow and 
the trench pressure but not the specific pressure at a location in/on the wall. In any case, Case 2 
still verifies the localized effect of a close range medium scale blast.  
 
7.2.4 Blast Trial Woomera 2004 (Geocell Wall) 
For Woomera 2004, a Geocell wall was subjected to 5,823kg of TNT at a distance of 36m. Based 
on a factor of 1.8, a spherical equivalent charge weight of 10,481kg was used for the 1D wedge. 
The model is shown in Figure 7.26. Due to the large size of the model space (45m in length), the 
width of the model space was reduced from 10m to 8m. Using a same mesh size of 100mm, there 
was a total of 2.88million elements which was around the maximum number of AUTODYN can 
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compute on the resources available. This is a case of large scale far range blast with Z=2. it is 
included here for comparison with the close range blast results presented previously. 
 
Figures 7.27 and 7.28 show the front, back and side face air pressures and impulses computed 
from AUTODYN. As seen, the front face pressure of 1024kPa is double that of the measured 
value of 442kPa. The side-on pressure (incident pressure) is also over-predicted by AUTODYN 
(332kPa compared to 116kPa). The back pressure was very well predicted at 84kPa compared to 
102kPa. Both the measured and computed back pressure show that in large scale blasts, back 
pressure was higher compared to close ranged medium scale blasts. Even RSW3 in Blast 3 
(charge distance of only 1m) gave lower back pressure of around 40kPa. AUTODYN also 
confirmed that at this scaled distance, the air pressure acting on the front face of RS4 was 
uniform. This is again in contrast with the previous AUTODYN results for ETSC2004 where 
non-uniform front face was obtained for the non-uniform for the close range cases. 
 
In this case, the soil pressures obtained in AUTODYN were severely overestimated by almost 
500kPa. This is different from the AUTODYN prediction for ETSC2004. Thus AUTODYN can 
provide a reasonable estimate for the soil pressure in the first 0.5m of soil in close ranged 
medium scale blasts but not large scale blasts. As such, PLAXIS will be used again for the 
modeling of the soil pressure within the RS wall soil mass. 
 
7.2.5 Blast Trial Woomera 2006 (GeoBlock Wall) 
For Woomera 2006, a Geoblock wall was subjected to 5,036kg of TNT at a distance of 20m 
(Z=1.17). As before, a factor of 1.8 was applied to obtain 9065kg equivalent TNT for the 1D 
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wedge remapping. As before, due to constraint on the number of elements, a model space of 8m 
width, 8m height and 30m length is used as shown in Figure 7.29. This works out to be around 
1.9 million elements. 
 
Figures 7.30 and 7.31 show the computed front and back face air pressure for RSE in Woomera 
2006. It was noted that the front face air pressure was uniform with an average value of 5000kPa. 
This again emphasizes the fact that although Z=1.17 for RSE, due to the large charge weight of 
5,036kg, and the large actual distance between the wall and the charge (20m) with respect to the 
dimensions of the wall, the front face pressure is still uniform for close range large scale blasts 
compared to close range medium scale blasts (ETSC2004). The front face impulse was also 
extremely high at almost 10kPa.s. This is higher than any of the previous blasts. This shows that 
the impact on RSE was very high which also explains the severe damage of RSE shown in 
Chapter 6.  
 
The different configuration of RSE wall was also looked into to investigate the effects of the 
shape of the front and back face on the air pressure. Figure 7.32 shows the new RSE wall 
modeled in AUTODYN. Now the front face was staggered instead of the back face. The front 
and back face pressure variation was then compared in Figures 7.33 and 7.34 respectively. 
Figure 7.33 shows that with a staggered front face, the air pressure varies a lot more along the 
front face due to the steps which results in eddies and vortices formed when the blast wave 
travels along it. Note that for both types of front face, the pressure at the very top of the wall (3m 
height) was much lower due to the vortices formed there as the blast wave moves over the top of 
the wall. Figure 7.33 also show that the two different types of back facing shaping produces 
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almost the same identical pressure range. An interesting observation is the increase in back 
pressure as height decreases. This can be explained by Figure 7.35 which shows that the blast 
wave is more concentrated at the bottom half of the back face. 
 
7.3 Numerical Modeling using PLAXIS 
The current research shows AUTODYN was very good in predicting the blast responses at the 
interface between air and solid materials, but less accurate within the solid material itself. This is 
because AUODYN is based on computational fluid dynamics which models best the response of 
air but not necessarily solid materials. An alternative geotechnical program called PLAXIS was 
used instead to obtain the soil pressure in the walls. Previous research have only shown how 
PLAXIS can accurately model the soil pressure in large scale blast (He, 2009) but there was a 
need to investigate this program for close ranged medium scale blasts as well. The main 
difference between close ranged medium scale blasts (modeled here) compared to far range large 
scale blasts (He, 2009) was the non-uniform pressure at the front and top face of the RS wall. In 
addition, there was no need to model the back pressure in the close range case as it was reduced 
to a very small value (less than 1% of the front face pressure). This section will be separated into 
two parts, namely close range medium scale blasts (ETSC2004) and far range large scale blasts 
(Woomera 2004).  
 
7.3.1 Close Range Medium Scale Blasts (ETSC2004) – Z<1 
Figure 7.36 shows the PLAXIS model used. The front face of the RS wall was separated into 3 
sections. A different load was applied for each section of the front face. Figure 7.37 shows the 
values of these three sections for RSW1 in Blast 1. These top and bottom values are obtained 
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based on the same ratio of computed versus measured values for the blast pressure at mid-wall. 
This ratio of these pressures was found to be 0.83. The top and bottom air pressures obtained by 
AUTODYN were then divided by this factor to obtain the pressure values to be applied at the top 
and the bottom of the wall.  
 
Due to the limitation of the dynamic module of PLAXIS, only two pressure-time history curves 
could be input for one model. One of these pressure-time history curve is used for the front face, 
which is subdivided into 3 zones. The other pressure-time history curve is used for the top of the 
wall, which is subdivided into 5 zones. For RSW1 Blast 1, the measured pressure-time history of 
RSW1-FF curve was used to represent the pressure-time history of the front face pressure 
variations. For the pressure-time history exerting on the top of the RS walls, the pressure 
distribution curve obtained from AUTODYN at the center (1.5m midpoint of the top of the wall) 
was used. For Blast 2 and 3, as the measured FF values were unavailable, the computed front 
face time history curves from AUTODYN were used. 
 
For the top part of each RS wall, the peak pressure distribution defers significantly across the 
width of the wall. AUTODYN was used to obtain these air pressure values and they are plotted 
for each wall as shown in Figures 7.38 to 7.40. These values were then separated into Zones 
where the average values of the pressures were used as an estimation. As seen in all walls, there 
was a sudden dip in pressure at 0.4m along the width of the wall at the top surface. This was 
unexpected but can be explained in Figure 7.41, which shows the blast wave vortices from 
ATUODYN output. It can be seen that vortices are actually formed by the blast wave as it moves 
to the top section of the wall and these vortices seem to be concentrated at the 0.2m to 0.6m 
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section of the front top corner. This effect becomes more profound as the charge weight is placed 
closer to the wall. 
 
The results of PLAXIS modeling were as follows: 
1) The general shape of deformed shape of the RS wall was obtained. For example for 
RSW9 in Blast 2 (Figure 7.42), the modeled deformed shape matches the observed 
physical RSW9 with the top section of RSW9 deforming backwards by around 40mm 
compared to an actual measured value of 30mm. There was also a slight upward till in 
the top part of the wall in both the actual and modeled RSW9.  
2) Soil pressure was measured at various positions corresponding to the TPC locations 
in the actual field trial, ETSC2004. Figure 7.43 shows the typical soil pressure results 
for PLAXIS obtained for RSW1 during Blast 1. The soil pressure values were very 
low (in the range of around 100kPa even at 0.5m into the wall). This was compared to 
the high soil pressure values with magnitudes of a few thousand obtained at 0.5m into 
the walls for all the measured value of close ranged blasts. The main reason for this is 
because for close ranged blasts, the positive pressure duration is very short, in the 
range of 1.75ms in RSW3 for Blast 3 (1m from charge) to 2.2ms in RSW9 in Blast 2 
(2m from charge) to 4ms in RSW1 in Blast 3 (4m from charge). The PLAXIS 
program soil was unable to react that quickly to this very short positive pressure 
duration. Moreover, in the actual blast trials, the TPCs were mounted on metal plates. 
This resulted in the TPCs being more rigid and thus being able to pick up the blast 
pressure acting on the faces of the wall. However, this rigid steel plate was not 
modeled in this study.  
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Thus it is concluded that PLAXIS was unable to model accurately the soil pressure for close 
ranged blasts. 
 
7.3.2 Far Range Large Scale Blasts (Woomera 2004) – Z=2 
A far range large scale blast case (Z=2), Geocell wall (RS4) in Woomera 2004 was modeled as a 
comparison to close range blasts presented earlier. The model used is shown in Figure 7.44. This 
is similar to the model in Figure 7.36 except a uniform pressure distribution was applied on the 
top, back and front of the wall in large scale blasts. It is noted that by the time the blast wave 
reaches the front face, it has become a uniform blast. This is similar to the model used previously 
by He (2009). Furthermore, the back pressure is significant in large scale blasts (10-20% of the 
front face pressure) and thus needs to be taken into account in the model. 
 
Based on the measured front face pressure of 442kPa and the back face pressure of 102kPa, a 
ratio of back pressure over front face pressure of 23.1% was obtained. This ratio was used to 
compute the back face pressure to be used in the PLAXIS model. A uniform top pressure of 
107kPa was used. This was based on the AUTODYN top pressure obtained at the middle section 
of the wall (248kPa) multiplied by how much the AUTODYN front face pressure overestimates 
the measured value (232%). The measured front face pressure-time history curve was used as 
input for the front and back face pressure-time history and the AUTODYN pressure-time history 
curve obtained for the top of the wall was used as an estimation of the top pressure distribution. 
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The PLAXIS results are summarized below: 
1) The soil pressures computed from PLAXIS are shown in Figures 7.45 and 7.46. As 
seen, the values are in the range from 20 to 50kPa. This was very close to the 
measured soil pressure values shown previously in Chapter 6.  
2) The blast pressure reduction trends across RS4 for both the measured and computed 
values are shown in Figure 7.47. PLAXIS produces very good estimate on the blast 
pressure reduction. This is consistent with the previous research findings of He 
(2009). However this is in contrast to that for close ranged blasts, which is affect by 
the short positive duration of the blast wave in close range blasts. For RS4, the 
positive duration was around 20ms compared to just 2ms to 4ms for close range blasts 
in ETSC2004. Thus the PLAXIS soil model could response accordingly to the blast 
pressure in far field large scale blasts but not in close range blast. 
 
7.4 Concluding Remarks on Numerical Modeling 
 
Two numerical programs were used to model the three field blast trials conducted, namely 
AUTODYN and PLAXIS. Significantly different results for close range (ETSC2004) and far 
range large scale blasts (Woomera 2004 and 2006) were obtained in both programs. AUTODYN 
was able to predict relatively accurately the air blast pressure surrounding the whole wall and it 
can be used as a tool to estimate the air pressure acting on a soil structure for both far range and 
close range blasts. For close range blasts, AUTODYN was also able to predict reasonably the 
soil pressure in the first 0.5m of soil. The values obtained were in the same range as those 
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measured values. However for far field large scale blasts, the soil pressure was over-predicted 
significantly and the range was incorrect.  
 
AUTODYN also confirmed the non-uniformity of the air pressure acting on the front face and 
the top face of close ranged medium scale blasts compared to all large scale blasts (including 
both far field and close range). This thus results in the response of the RS wall becoming 
significantly different. Localized behavior for close range medium scale blast was also observed 
in AUTODYN which was consistent with the actual physical observation during the various 
blast trials in ETSC2004. AUTODYN was able to provide an estimate of the air pressure acting 
on RSE in Woomera 2006 and the very high values obtain for the air pressure impulse confirms 
why RSE was so severely damaged in the blast. 
 
For PLAXIS, non-uniform front and top face pressures-time history were applied to the soil mass 
modeled for close range medium scale blasts. Due to the very short positive duration of the blast 
pressure, the soil model was unable to predict correctly the soil pressure within the soil mass. 
Comparatively, for far field large scale blasts (where a uniform blast pressure was applied), the 
PLAXIS soil model could predict both the soil pressure and pressure reduction trend across the 
wall accurately. 
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Table 7.1: Model Space Size & Blast Trial Details 













Size of Wall 






RSW1 110 198 4 Geotextile 3 x 3 x 6 15 
RSW3 110 198 9.6 Geotextile 3 x 3 x 6 (with trench behind) 20 Blast 1 
RSW9 110 198 14.5 Geocell 2.8 x 3 x 6 30 
Blast 2 RSW9 110 198 2 Geocell 2.8 x 3 x 6 10 
ETSC2004 
Blast 3 RSW3 110 198 1 Geotextile 3 x 3 x 6 (with trench behind) 10 
 Woomera 2004 RS4 5823 10481.4 36 Geocell 2.8 x 2.8 x 6.4 45 
 Woomera 2006 RSE 5036 9064.8 20 Geoblock 
(Varying width – 1.35 to 2.4) 
x 3 x 6 30 
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Table 7.2(a): Properties of TNT in AUTODYN Modeling 
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Table 7.2(b): Soil Properties for Modeling of RS Walls in AUTODYN (Laine & Sandvik, 2001) 
Equation of State: Compaction 
 
 
Strength Model:  
  
Failure Model: Hydro-Tensile Limit 
 
Chapter 7: Numerical Modelling of RS Walls in Blast Trials 
390 
Table 7.3: Comparison between Measured & Computed AUTODYN Values  









Scaled Distance, Z 
(m/(kg)1/3) 
Front 6539 5450 
Back 115 49 RSW1 
Side 933 904 
0.8 
Front 449 267 
Back 21 23 RSW3 
Side 56 108 
3.0 
Front 545 773 
Back 55 37 RSW9 
Side 632 350 
2.0 
 
Table 7.4: Comparison between Measured & Computed AUTODYN Values  









Front 3.48 3.79 
Back 0.98 0.32 RSW1 
Side 1.50 0.86 
Front - 0.87 
Back 0.38 0.28 RSW3 
Side 0.21 0.42 
Front 0.52 1.61 
Back 0.44 0.32 RSW9 
Side 0.83 0.56 
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Table 7.5: Soil Properties for PLAXIS Modeling 
Item Units Pulau Senang Soil Woomera Soil 
Soil Model - Mohr-Coulomb 
Material Type - Drained 
γ dry kN/m3 20.0 18.0 
γ wet kN/m3 20.0 18.0 
Eref kN/m2 5.0 x 104 2.7 x 104 
υ - 0.3 0.3 
cref kN/m2 20.0 20.0 
φ º 36.0 35.0 
Rinterface - 1.0 
 
Table 7.6: Soil Properties for PLAXIS Modeling 
Item Units Parameters 
Identification - PEC100 
Material Type - Elastic 
EA kN/m 600 
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Figure 7.1(a): AUTODYN RS Wall Model 
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Figure 7.5: Computed Impulse for Air Pressure on RSW1 in Blast 1 
 
 



























0 5 10 15 20 25 30 35 40



























0 0.5 1 1.5 2 2.5 3













Figure 7.7: Soil Pressure Reduction Across RSW1 (Measured & Computed) 
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Figure 7.8: Computed Reflected Air Pressure for RSW3 in Blast 1 
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Figure 7.13(a): Computed Front Face Reflected Air Pressure for Front Face (FF)  
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Figure 7.13(b): Computed Reflected Air Pressure for Side and Back Face of RSW9 in Blast 2 
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Figure 7.15: Computed Front Face Reflected Air Pressure for Front Face (FF)  
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Figure 7.16: Computed Reflected Air Pressure for Side and Back Face of RSW3 in Blast 3 











Figure 7.17: Computed Impulse for Air Pressure on RSW3 in Blast 3 
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Figure 7.20: 50mm Meshing of RSW3 in Blast 3 
 
 
Figure 7.21: Deformed Shape of Case 2 Model (RSW3) at 100ms after Blast 3 
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Figure 7.22: Air Blast Contours of Case 2 Model (RSW3) at 100ms after Blast 3 
 
 
Figure 7.23: Air Blast Wave for Case 2 Model (RSW3) at 100ms after Blast 3 




































Figure 7.24: Apparent Convergence of Mesh Size for Case 2  





































Figure 7.25: No Convergence of Mesh Size (Case2) 
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Figure 7.28: Predicted RS4 Impulse for Air Pressure using AUTODYN 
 
 













































Figure 7.30: Computed Front & Back Face Air Pressure of RSE in Woomera 2006 
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Figure 7.33: Computed Front Face Pressure Variation for RSE (Actual & New Layout) 
Blast Direction 
Staggered Steps at 
Front Face instead 
Back Face 
Vertical 









0 100 200 300 400 500 600 700 800










Computed RSE (Actual Layout)
Computed RSE (New Layout)






Figure 7.34: Computed Back Face Pressure Variation for RSE (Actual & New Layout) 
 
 
Figure 7.35: Pressure Contours at Back Face of RSE 
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Figure 7.39: Distribution of Air Pressure along Top of RSW9 during Blast 2  
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Figure 7.41: Vortices forming at Top of Wall (RSW1 Blast 1) 
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Figure 7.45: Computed PLAXIS Soil Pressure (RS4-T3 to T6) for RS4 in Woomera 2004 
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Figure 7.47: Comparison of Soil Reduction across RS4 for Computed & Measured Values 
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Chapter 8 
Development of Design Charts for RS Structures 
Subject to Close Range Medium Scale Blast 
Loading & Potential Applications 
 
 
8.1 Design of RS Walls for Close-range Medium Scale Blasts 
 
From the various field blast tests conducted in Singapore (ETSC) and Woomera, and the 
numerical modeling of the RS walls subjected to blast loads, it was found that the response of RS 
walls when subjected to close range medium scale blasts were significantly different from that of 
RS walls subjected to far range large scale blast. In these close range medium scale blasts, the 
RS walls suffered localized damage with the damage concentrated on a certain part of the front 
face of the RS walls while the other parts of the walls remain largely intact. Instead of using 
characteristic deformation to indicate the stability of RS walls subjected to large scale blasts as 
proposed by He (2009), it was found that the volume of the crater produced by the blast loading 
on the front face of the RS walls is a better gauge of the structure stability and overall 
performance of the RS wall subjected to close range medium charges. Thus the volume of crater 
formed by the blast is used as the controlling factor in designing RS walls subjected to close 
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8.1.1 Estimation of Volume of Crater Produced during Close Range Medium Scale Blast 
To estimate this volume of crater formed due to close range blast, the crater can be idealized in 
the form of a hemispherical or cylindrical shape. For the hemispherical shape case, the volume of 
the crater can be calculated using the following simplification: 
     V = A x mR      (8.1) 
where  A = Surface Area of the Wall Crater Face 
R = Radius of Hemisphere, or Depth of Crater 
m = Correction Factor of Depth 
 













1 233 πππ . It can seen that this volume can be simplified into the above 
equation (8.1) where A = 2Rπ and m = 
3
2  for a perfect hemisphere. Obviously, it is impossible to 
get a perfectly hemispherical crater for all blasts, thus other m values are used to adjust the 
volume of crater formed accordingly. If the crater is a fraction of a hemisphere, the specific m 
values are shown in Table 8.1, which are computed based on the exact geometrical expression of 
the specific shapes. 
 
If the crater is a perfect half cylinder, the volume is equal to cHR
2
2
1π  where Hc is the height of 
the cylinder. Thus in this case A = 2RHc, Depth = R and m = 
4
π  = 0.78. If the crater is a fraction 
of a half cylinder, the specific m values are shown in Table 8.2. Again, these values were 
calculated based on the geometrical expression of the specific shape. 
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In addition to the depression of the crater in the wall face, the volume of the crater should also 
include the volume arising from the backward tilting of the crater surface area. This is illustrated 
in Figure 8.1 using a cylindrical shape crater.  
 
Table 8.3 shows the compilation of crater volumes obtained from all the previous close ranged 
medium scale blast trials conducted in ETSC1998 and 2004 reported in this thesis. The volume 
of the crater formed, V (m3), was normalized by the charge weight, W (ton). This ratio V/W 
(m3/ton) was then plotted against scaled distance to obtain the design chart shown in Figure 8.2. 
As can be seen, for various B/H ratios, different ranges of crater volumes are obtained. B is 
defined as the width of the wall while H is the height of the wall. The lower the B/H ratio, the 
larger the volume of crater produced for a particular scaled distance, thus the lower the factor of 
safety. For ETSC1998 and 2004, the B/H ratios of the walls tested  were between 1.0 and 1.5. 
This B/H ratio is a very important factor in the behavior of a RS wall as it directly affects the 
stability of the wall, both in the construction phase and when subjected to blast loading. When 
the B/H ratio is very low (less than 1.0), the RS wall will be less stable. For example, when B = 
3m, H = 6m (B/H ratio of 0.5), the wall will be more unstable compared to a RS wall with B/H 
ratio closer to 1.0. Lower factors of safety will also be obtained for both the static (as explained 
in Section 3.2.2 and dynamic design (using this design chart) 
 
Based on the ETSC2004 results, a serviceability limit of 10 m3/ton is set as the failure criteria. 
Once the V/W value exceeds 10m3/ton, the RS wall is considered to have failed. This 
serviceability limit was set as between V/W values for RSW9 in Blast 2 and RSW1 in Blast 4. 
RSW1 in Blast 4 is considered to have failed as a large cylindrical crater was formed in the front 
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face after the blast. The wall had collapsed under the blast. RSW9, despite the damage to the 
front face, was relatively still stable and intact. RSW9 was still erect and vertical with minimal 
damage at the back face. RSW3 in Blast 3 was considered to be already passed the serviceability 
limit as it has completely collapsed after the blast (as signified by the largest crater volume 
formed of 8m3. 
 
8.1.2 Step-by-step Design of RS Walls under Close Range Medium Scale Blasts  
 
Case 1 
The design steps for designing a RS wall subjected to a close range medium scale charge for a 
known charge weight and distance are as follows: 
 
Step 1: For a certain charge weight and distance, the scaled distance, Z is calculated. A required 
B/H ratio is chosen and the V/W value is read from Figure 8.2. 
Step 2: If the V/W value found from Step 1 is higher than the acceptable value, a higher B/H 
ratio is chosen (while Z remains the same) until an appropriate V/W ratio is obtained. 
 
Case 2 
In the case of designing a RS wall subjected to close range medium scale blast where the B/H 
ratio of the RS wall is given/ fixed, the design chart can be used in the following way. 
 
Based on the known B/H ratio and serviceability limit of 10m3/ton, the failure Z value can be 
found from the chart. Thus if the actual distance is fixed, the amount of charge weight that this 
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RS wall can withstand can be estimated. If the charge weight is fixed, the safe distance at which 
this protective RS wall has to be placed can be determined.  
 
8.1.3 Evaluation of Factors of Safety  
 
Based on the design charts, the factor of safety (FoSV/W) of RS walls can also be obtained. At the 
serviceability limit state (V/W = 10 m3/ton), the wall is at critical state, thus FoSV/W = 1. A 
factor-of-safety with respect to the relative maximum volume of crater formed can be defined as 
the ratio of V/W at serviceability limit state over the V/W at a given blast loading 


















=   (8.2) 
For example, for a given configuration of the blast and the RS wall, the crater volume ratio V/W 
can be read from Figure 8.2, say, 5 m3/ton. Thus 
    2
5
10
/ ==WVFoS     (8.3) 
 
It should be noted that these charts are developed based on the test results of RS walls with the 
following conditions: 
1. RS walls were subject to 100 to 300 kg of bare TNT charge at the distances of 1m to 
15m. 
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2. RS walls were reinforced by geotextile PEC100 or Geocell, which have tensile strength 
of 100 kN/m or seam strength of 116 kN/m respectively. 
3. Vertical spaces between reinforcing geotextile layers are 500mm and Geocell layers of 
300mm each, which are typical in practice. 
4. The RS wall was embedded 500mm into ground. 
5. Local residual soil at Pulau Senang, Singapore or similar residual soil was used as the 
backfill material. 
 
An adequate factor-of-safety obtained using this chart will be ensured only if the above 
conditions are satisfied. Similar charts for other types of soil conditions can be developed. It 
should be noted that the reinforcement requirements is mainly for the static design and ease of 
construction, but may not affect the dynamic stability too differently from the current design 
chart developed. 
 
8.2 Potential Applications of RS Walls as Ammunitions Storage Areas & Protective 
Barriers 
 
The successful results obtained from the numerous blast trials over the years show the potential 
of using RS walls as protective structures for shielding against blast loading. Ever since the Sept 
11th attacks on the World Trade Center in New York, protection of civilian and military 
buildings against terrorists' attacks has become increasingly important. One particular danger is 
in terrorists' car bombs as evidenced by the recent bombings of the JW Marriott Hotel in Jakarta 
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(July 2009), the Marriot Hotel in Peshawal, Pakistan (June 2009), the city area of Lahora, 
Pakistan (2009) and so on. The damage inflicted from these car bombs on people and buildings 
can actually be mitigated through the use of RS walls or slopes built in front of important 
buildings. This is schematically illustrated in Figures 8.3 to 8.5. By constructing an RS slope in 
between the car park and the building, extensive damage from car bombs can be prevented, as 
the RS slope will shield the building. In addition, a garden can actually be built on top of the 
slope for camouflaging and decorative purpose. Many commercially available products such as 
geotextile mats (Figure 8.6) can be used as the facing materials for such protective RS walls and 
vegetation can be grown on them for aesthetic and camouflage purposes. This will ensure the 
unobtrusiveness of RS walls with respect to the building. RS walls can also be built as temporary 
military shelters for personnel in the field as shown in Figure 8.7. 
 
Another potential application of RS walls could be as emergency or contingency storage spaces 
in times of need as they can be rapidly constructed within a day and require minimal specialized 
labor and effectively shield the blast effect. The RS walls will be able to mitigate large blast 
loadings in cases of accidental munitions detonation. The RS walls do not need to survive the 
accidental detonation as long as it contains the explosion and reduces the damage to the 
surroundings. Also RS walls can help to prevent systematic detonation of adjacent ammunition. 
The width and height of the surrounding RS walls can be varied accordingly for different 
ammunition with different sensitivity to accidental detonation. The main purpose of these RS 
walls will be to isolate the blast and fragment effects of accidental detonation. Moreover, these 
new types of RS walls (geoblock and geocell) can be rapidly constructed with no specialized 
labor. RS walls have actually already been used in similar applications in Singapore as an ammo 
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point. Figure 8.8 shows a geocell wall built and used in Pulau Senang, an offshore island in 
Singapore. This was built in 2004 and as can be seen, after 4 years, vegetation has grown on the 
wall. This is another advantage of RS walls which can be camouflaged easily unlike concrete 
walls. 
 
A possible configuration of these RS walls as ammunition storage spaces is shown below. 
Figures 8.9 and 8.10 give the cross-sectional and plan views. Separate berths can be used to 
house individual containers of explosives or ammunition. The roof is needed over the containers 
only as protection against small light attack like hand held rocket launchers, artillery etc. These 
spaces can also be built in a circular shape to further contain any accidental detonation. This only 
shows the conceptual application of these RS walls. The detailed actual configuration of these 
walls can be further refined using the design chart developed and the numerical modeling that 
was calibrated.  
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Table 8.1: Correction Factor, m for Various Hemispherical Crater Shapes 
Crater Shape m 
 
Perfect Hemisphere 2/3 
 1/2 Hemisphere 1/3 
 2/3 Hemisphere 5/9 
 Hemispheric with 1/3 Depth 1/9 
 Hemispheric with 1/2 Depth 5/24 
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Table 8.2: Correction Factor, m for Various Cylindrical Crater Shapes 





 Half Cylinder with  1/3 Depth 0.172 
 Half Cylinder with  1/2 Depth 0.307 
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Shape of Face 
Crater  Tilt (m) 






1998 MD5-E1 300 15 2.24 1/10 of Hemisphere NA 0.50 0.05 0.004 




NA 0.50 0.10 0.015 




0.3 m at 
top of 
Crater 
0.75 0.10 0.199 
Blast 4 90 1 0.22 1/2 Cylindrical NA 1.00 1.00 4.712 
2004 
Blast 3 110 1 0.21 1/3 Cylindrical 
1.7 m at 
top of 
Wall 
1.25 0.40 7.989 

















Figure 8.1: Volume of Backward Tilting of Wall Crater Face 
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Figure 8.2: Design Charts for RS Wall Subjected to Medium Scale Blast Loading 
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Figure 8.6: Commercially Available Geosynthetic Mats for Facing of RS walls 
 
 
Figure 8.7: Possible Configuration for Temporary Military Shelter 
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Figure 8.10: Plan View of Possible Storage Configuration 
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Chapter 9 




Reinforced Soil (RS) walls are good blast energy-absorbing structures due to inherent 
properties of the backfill soil materials. With the prevalence of terrorist attacks in recent 
years, there has been a greater need to look into different types of RS walls which can be 
rapidly constructed as blast mitigation barriers against blast loading damages. The two 
main objectives that were achieved in this research are namely: 
 
1) To evaluate and compare the response of RS walls subjected to close range 
medium charge blasts versus far range large scaled blasts – i.e. local failure 
mechanisms versus the global failure mechanism. This will lead to the 
development of design charts for the RS walls subjected to close range medium 
scale blasts 
2) To improve on constructability of RS walls in terms of speed and simplicity by 
investigative alternative geosynthetics materials as a form of facing and 
reinforcement for RS walls. 
 
A series of blasts tests were thus conducted in Singapore and Australia from 2004 to 2006 
to facilitate this study. Numerical modeling was also calibrated based on the results 
obtained from these blast trials. Based on the field blast trials, a design chart was 
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formulated for designing RS walls subjected to close range medium scale blasts. This was 
based on the localized behavior obtained for close range blasts as observed in this 
research. This design chart will be useful for engineers to design RS walls of appropriate 
dimensions with respect to the expected blast charge and scaled distance. This has not 
been reported elsewhere by other researchers prior to this study. 
 
A total of three blasts trails were conducted from 2004 to 2006, namely ETSC2004 
(Singapore) and Woomera 2004 and 2006. All walls built were similar in dimension 
(around 3 m in height, 6 m in length and 3 m in width) to allow for valid comparisons 
between the blast trials. Results were also compared to previous large scale blasts 
conducted by He (2009). These blast trials serve to investigate the two main objectives 
stated previously. 
 
In ETSC2004, a total of 3 RS (RSW1, RSW3 and RSW9) walls were built on Pulau 
Senang, Singapore in 2004. Both RSW1 and RSW3 were conventional geotextile walls 
made of PEC100 geotextile. Note that in RSW3, a 1 m width trench was built behind it. 
RSW9 was built using a new material called Geocell, a 3-D cellular soil confinement 
system. The walls were subjected to three blasts of the same equivalent TNT weight 
(110kg) at varying close range distances (Z<1). Blast 1 and 2 were bare charges where 
Blast 1 was placed at 4m from RSW1 (Z=0.8) while Blast 2 was placed 2m from RSW9 
(Z=0.4). Blast 3 was a cased bomb, MK82 placed at 1m away from RSW3 (Z=0.2). 
 
Chapter 9: Conclusions & Recommendations 
438 
For Woomera 2004, a similar geocell wall, labeled RS4, was built in the Australian 
Outback and subjected to a nearly 6 tonne TNT charge at scaled distance of 2.0 (actual 
distance of 36m). RS4 was used to further investigate the response of Geocell walls 
compared to Geotextile walls. To further improve the constructability of RS walls, a new 
type of RS wall was tested in Woomera 2006. This Geoblock wall (RSE) was subjected to 
a charge weight of equivalent TNT of 5036kg at a distance of 20m from the charge (Z = 
1.17). RSE also aims to reduce the amount of debris produced in Geocell walls. 
 
Two numerical programs were used to model the three field blast trials conducted, 
namely AUTODYN and PLAXIS. AUTODYN (Version 12.0 academic) is an integrated 
explicit analysis program specially designed for non-linear dynamics problems. It is 
especially suitable for modeling blast air pressures and loading on structures. PLAXIS is 
a finite element program specifically designed for the analysis of soil stability and 
deformation in geotechnical engineering problems. They serve to compliment the field 
blast trial results obtained. 
 
Sensitivity studies of the key parameters were conducted. Appropriate soil parameters, 
model space size, boundary conditions as well as mesh size were studied. The air pressure 
around the faces of the RS walls and the soil pressure within the RS walls were modeled 
and compared with the actual field data. 
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9.2 Conclusions Drawn from Field Blast Trials & Numerical Modeling 
 
Based on the three field blast trials conducted and the numerical modeling done, the 
following conclusions could be derived. 
 
9.2.1. Localized versus Globalized Behavior of RS walls when subjected to Blast 
Loading 
Thru these blast trials, all the RS walls experienced localized failure mechanism in close 
ranged medium scale blast instead of globalized behavior in far range large scale blasts 
(He, 2009). The characteristics of this localized behavior includes a crater being formed 
at the bottom of each wall after the blasts due to the non-uniform pressure forming at the 
front face of the wall. This localized effect (slight indentations in bottom parts of the front 
faces of RSW1 (Geotextile wall) and RSW9 (Geocell wall) during Blast 1 and 2 
respectively) becomes more pronounced if the charge is placed closer to the wall. Even 
RSW3 in Blast 3, which collapsed after the blast, displayed this localized behavior as the 
main damage was still concentrated in the center of the wall. The non-uniform pressure 
acting on the front face of the wall will be more obvious. This is further supported by the 
instrumentation results obtained for RSW9 during Blast 2 where the soil pressure 
obtained at various heights recorded different values.  
 
Significantly different results for close range (ETSC2004) and far range large scale blasts 
(Woomera 2004 and 2006) were obtained in both numerical programs. AUTODYN also 
showed the non-uniformity of the air pressure acting on the front face and the top face of 
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close ranged medium scale blasts compared to all large scale blasts (including both far 
field and close range). This thus results in a very different response of the RS wall. 
Localized behavior for close range medium scale blast (i.e. crater formed on the bottom 
part of the front face of the wall) was also observed in AUTODYN which was consistent 
with the actual physical observation during the various blast trials in ETSC2004.  
 
Another big difference between close range medium scale blast and far range large scale 
blasts is the magnitude of back pressure as a ratio to the front face pressure. Close range 
medium scale blasts resulted in much lower back pressure as compared to that from a far 
field case. In large scale blasts, the back pressure obtained was significantly higher (He, 
2009). This result was also verified by the numerical modeling results. Thus in close 
range medium scale blasts, the RS walls were able to impede and absorb most of the blast 
pressure and provide protection for personnel or equipment placed behind the walls. This 
was again confirmed by the numerical results from AUTODYN. 
 
Based on the instrumentation data, all the RS walls were found to be highly successful in 
mitigating the blast pressure with at least 60% pressure reduction in the first 1m into the 
wall. By comparing the pressure reduction trends in all blasts, it was found that the 
governing effect in close ranged medium scale blasts was the rigidity of the RS walls and 
the arching effect. The arching effect occurs when the blast wave ‘compresses’ the soil 
causing the soil to become stiffer thereby resulting in better shock absorption. The closer 
the charge to the RS wall the more pronounced the arching effect will be. For close range 
(i.e. Z<1), stiffer walls will produce better arching effect, thereby resulting in better shock 
Chapter 9: Conclusions & Recommendations 
441 
absorption. The surveying results allowed the quantification of the deformation of the 
walls after the blast. The surveying results also confirmed the localized effect of close 
range medium scale blasts.  
 
9.2.2 Comparisons between Cased & Bare Charges 
The response of a RS wall was also different when subjected to cased weapons (Blast 3) 
versus bare charge (Blast 1 and 2), although the net equivalent TNT weights were all at 
110 kg. The MK82 bomb caused more severe damage in RSW3 compared to the bare 
charges used in Blasts 1 and 2 in RSW1 and RSW9. RSW3 collapsed due to the MK82 
bomb. The trench built behind was still intact after the blast and air pressure and 
acceleration inside the trench was very low. This shows that RS walls can be used to 
block debris from blasts and offer protection to equipment or personnel behind the wall. 
Moreover the walls were able to impede the sharp fragments formed by the MK82 with 
several metal fragments were lodged into the front face of RSW1 which was 17m from 
the bomb. The instrumentation readings were found to be much more irregular and erratic 
and much higher compared to the bare charges used in Blasts 1 and 2.  
 
9.2.3 Comparison of Responses of Geotextile & Geocell Walls 
The Geocell wall’s response was studied as it offers a more rapidly constructable 
alternative.  The construction of Geocell walls was much faster than geotextile walls with 
no need for specialized labor or equipment. It took less than a day for the complete 
erection of the wall, as compared to a typical geotextile wall which requires 3 to 4 days. 
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This is important especially in these times of terrorist attacks where there is a higher need 
to have structures as temporary protective structures against explosives. 
From this study, it was found that the response of Geocell wall (RSW9) was found to be 
different from typical geotextile walls (RSW1 and RSW3). This was due to the lower 
melting point of Geocell and its higher stiffness after being heated. Note that more debris 
was formed during the blast compared to geotextile walls due to Geocell becoming more 
brittle and harder when subjected to the high blast temperatures. Also the shock 
absorption was better for Geocell walls in close ranged blasts due to its higher rigidity.  
 
These differences in response have been supported by various instrumentation readings 
such as higher horizontal pressure reduction across RSW9 (Geocell wall) in Blast 2 
compared to RSW1 (geotextile wall) in Blast 1. This is due to the higher arching effect of 
the Geocell walls resulting from the higher Geocell stiffness compared to conventional 
geotextile walls. In Blast 1, the reduction in pressure across RSW9 (Z=2) was less 
significant than RSW1 (Z=0.8). The higher stiffness of Geocell resulted in it being able to 
deform less resulting in lower blast wave absorption. However when the blast distance is 
closer, i.e. Z < 1 (in Blast 2, RSW9 was at scaled distance of 0.42), the arching effect 
governs as the stiffer cells of geocell in RSW9 and the better confinement of the soil from 
the Geocells, results in better pressure absorption. Thus for far range (2<Z<3) with 
medium scale blasts, a stiffer wall (Geocell wall) will result in less shock absorption 
than a more flexible wall (Geotextile wall) while at close range (Z<1), stiffer walls 
result in better shock absorption.  
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For far range large scale blasts (Z=2), the Geocell wall (RS4), tested in Woomera 2004, 
performed well and deformed as a whole (global mechanism) but much less compared to 
geotextile walls. The overall stability was very good. Only the edges and the top layer 
were more damaged. Again RS4 produces more significant amount of debris compared to 
geotextile walls like RS3, which was tested together with RS4.  The pressure reduction 
for RS4 (large scale blast) was very significant with a reduction of over 90% in the first 
0.65m of soil. 
 
The difference in large scale and medium scale blasts was also affected by the actual 
distance and the fireball dimensions. In ETSC2004, the geocell properties of RSW9 were 
drastically changed despite a similar scaled distance as it was within the fireball range, 
whereas in Woomera 2004, the fireball did not reach RS4. It was observed that the front 
face of RSW9 in medium scale blast was more severely damaged compared to RS4 (large 
scale blast). This means that once the actual distance of the charge to the wall is within 
the fireball range, the effects of the blast is very different. This thus implies that when 
dimensions of the wall are in the same range as the actual distance of the charge to the 
wall, the response is very different regardless of the scaled distance. 
 
The effect of rigidity of the wall (i.e. Geocell wall versus geotextile wall) on the pressure 
reduction trends are different in medium and large scale blasts even when the scaled 
distance was the same at Z=2. When Z≥2, for medium scale blasts, higher rigidity means 
lower absorption due to the less pronounced arching effect while for large scale blasts, 
higher rigidity means more shock absorption.  
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9.2.3 Study on Constructability of New Type of RS Wall – Geoblock (Woomera 
 2006) 
To further improve the constructability of RS walls, a new type of RS wall (Geoblock 
wall - RSE) was tested in Woomera 2006. It was completed within 8 hours of 
construction without need of any specialized labor or equipment. Thus RSE successfully 
improved the constructability of RS walls.  
 
This wall was intentionally designed to be close to the serviceability limit. RSE was also 
placed very close to the charge at a scaled distance of 1.17. From the site observation of 
the blast, it was seen that RSE was 70% destroyed with only the bottom 3 layers intact 
after the blast. Despite the extensive damage, minimal debris was found on site after the 
blast. The pieces of debris found were small and will not cause any damage or injury to 
equipment or personnel. AUTODYN was able to provide an estimate of the air pressure 
acting on RSE in Woomera 2006 and the very high values obtain for the air pressure 
impulse confirms why RSE was so severely damaged in the blast. Thus Geoblock walls 
performed better than Geocell walls in terms of constructability and amount of debris 
formed due to the blast.  
 
9. 3 Development of Design Charts for RS Walls subjected to Close Ranged 
 Medium Scale Blasts 
A design chart was derived for close range medium scale blasts based on the blast trials 
conducted in ETSC 1998 and 2004 and the numerical modeling results. It was proposed 
that the design criteria was based on quantifying the localized behavior of RS walls using 
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the volume of crater (V in m3) formed in the front face of RS walls after such blasts. The 
volume of crater formed after the blast serves as an indication of the performance of the 
wall and its response. This crater volume was then normalized using the charge weight 
(W in tonnes). Thru this parameter, V/W (m3/ton), a failure criteria was derived. A RS 
wall was considered as having failed if V/W lies between the values obtained for RSW9 
in Blast 2 (Geocell wall at 2m from blast) and RSW3 in Blast 3 (geotextile wall at 1m 
from blast). An appropriate B/H ratio of the RS wall to be designed can be obtained from 
the design chart based on the maximum V/W allowed and the scaled distance. This 
greatly enhances the practical application of RS walls as protective structures against 
blast. 
 
9.4 Potential Applications of RS Walls as Ammunitions Storage Areas & 
Protective Barriers 
 
The successful results obtained from the numerous blast trials over the years show the 
potential of using RS walls as protective structures for shielding against blast loading. 
The damage inflicted from terrorists car bombs on people and buildings can actually be 
mitigated through the use of RS walls or slopes built in front of important buildings. 
These car bombs are typically in the range of a few hundred kilograms which lies in the 
range of medium scale blasts. Another potential application of RS walls could be as 
emergency or contingency storage spaces in times of need as they can be rapidly 
constructed within a day and require minimal specialized labor and effectively shield the 
blast effect including blast fragments. The RS walls will be able to mitigate large blast 
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loadings in cases of accidental munitions detonation and prevent systematic detonation of 
adjacent ammunition.  
 
9.5 Recommendations for Future Research 
 
9.5.1 Further Improvement on Constructability of RS Walls 
Despite the achievement of constructing a RS wall (Geoblock wall) within 8 hours, there 
is still room for improvement in the construction procedure for RSE (Geoblock wall). The 
edge blocks formwork could be further reinforced to provide better strength and even 
resist some of the blast pressure. Currently the edge blocks do not contribute significantly 
to the strength of RSE. They only serve as a replacement for normal formwork. The 
connections between each edge block should be improved so that the construction process 
can be speed up even further. Methods should also be looked into to anchor the geotextile 
layers better so as to utilize their strength fully.  
 
9.5.2 Field Trials for Potential Applications of RS Walls 
More field trials could be conducted to study the potential of RS walls as a possible form 
of blast mitigation walls for ammunition storage facilities. Current research were 
conducted on idealized and simple configurations. More practically arranged walls and 
configurations could also be explored to serve as protective structures in front of 
residential/office buildings.  
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9.5.3 Numerical Modeling 
Further numerical modeling can be looked into for the modeling of responses of RS walls 
subjected to close range medium scale blasts. This is because AUTODYN and PLAXIS 
are currently unable to predict the soil pressure with sufficient accuracy for these type of 
blasts. Alternative programs can be looked into. Moreover further tests and studies can be 
conducted to improve on the accurate dynamic soil model for input into the programs. 
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